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I. The Correction to the Length of Terminated Rodsin vo 
Electrical Problems. By Lord Rayueticn, O.M., F.RS* 


_ a short paper “On the Electrical Vibrations associated 

with thin terminated Conducting Rods” f I endeavoured 
to show that the difference between the half wave-length of 
the gravest vibration and the length (/) of the rod (of uniform 
section) tends to vanish relatively when the section is re- 
duced without limit, in opposition to the theory of Macdonald 
which makes X=2°531. Understanding that the argument 
there put forward is not considered conclusive, I have tried 
to treat the question more rigorously, but the difficulties in 
the way are rather formidable. And this is not surprising 
in view of the discontinuities presented at the edges where 
the flat ends meet the cylindrical surface. 

The problem assumes a shape simpler in some respects if 
we suppose that the rod of length / and radius a is surrounded 
by a cylindrical coaxial conducting case of radius 6 extending 
to infinity in both directions. One advantage is that the 
vibrations are now permanently maintained, for no waves can 
escape to infinity along the tunnel, seeing that J is supposed 
great compared with b{. The greatness of / secures also 
the independence of the two ends, so that the whole cor- 
rection to the length, whatever it is, may be regarded as 


* Communicated by the Author. 

+ Phil, Mag. vol. viii. p. 105 (1904) ; Scientific Papers, vol. v. p. 198. 

{ Phil. Mag. vol. xlii. p. 125 (1897) ; Scientific Papers, vol. iv. p. 276. 
The conductors are supposed to be perfect. 


Phil. Mag. 8. 6. Vol. 25. No. 145. Jan. 1913. B 
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simply the double of that due to the end of a rod infinitely 
long. 

At an interior node of an infinitely long rod the electric 
forces, giving rise (we may suppose) to potential energy, 
are a maximum, while the magnetic forces representing 
kinetic energy are evanescent. The end of a terminated rod 
corresponds, approximately at any rate, to a node. The 
complications due to the end thus tell mainly upon the 
electric forces *, and the problem is reduced to the electro- 
statical one of finding the capacity of the terminated rod as 
enclosed in the infinite cylindrical case at potential zero. 
But this simplified form of the problem still presents 
difficulties. 

Taking cylindrical coordinates z, 7, we identify the axis of 
symmetry with that of z, supposing also that the origin of z 
coincides with the flat end of the interior conducting rod 
which extends from —x to0. The enclosing case on the 
other hand extends from —o# to +. Ata distance from 
the end on the negative side the potential V, which is sup- 
posed to be unity on the rod and zero on the case, has the 
form lop bj 

_ log b/r 
ee are = ope. =) eh nee 
and the capacity per unit length is 1/(2 log ba). 

On the plane z=0 the value of V from r=0 to r=a is 
unity. It we knew also the value of V from r=a to r=), we 
could treat separately the problems arising on the positive 
and negative sides. On the positive side we could express 
the solution by means of the functions appropriate to the 
complete cylinder r<6, and on the negative side by those 
appropriate to the annular cylindrical space b>r>a. Jf 
we assume an arbitrary value for V over the part in question 
of the plane z=0, the criterion of its suitability may be 
taken to be the equality of the resulting values of dV/dz 
on the two sides. 

We may begin by supposing that (1) holds good on the 
negative side throughout ; and we have then to form for 
the positive side a function which shall agree with this at 
z=0. The general expression for a function which shall 


vanish when r=6 and when z=+, and also satisfy 
Laplace’s equation, is 


Ay Jo (kyr) e—%* + Ag Io (kor) ec? +..., . (2) 
where ky, ky, &e. are the roots of Jo(kb)=0 ; and this is to 


* Compare the analogous acoustical questions in ‘ Theory of Sound,’ 
§§ 265, 317. 
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be identified when z=() with (1) from a to } and with unity 
from 0 to a. The coefficients A are to be found in the 
usual manner by multiplication with Jo (k:r) and integration 
over the area of the circle r=. To this end we require 


("5,(ér) r dr= == 7,30 (ka); - e ° ° . : (3) 
~ 0 
: 1 
) Jo(kr)rdr=— i. {6 Jo’ (kb) —a 5, (ka) b, . (4) 
a 1 
( log rJo(kr) r dr= — ib 1 log b Jy (kb) 


aWea To(ka) } aati’ 60) 
Thus altogether 


. ig: 
Jo(ka) _ A\ Jo2(kr)r dr=1?A J,/2(kb). . (6) 
Poe |) 


k? log b/a 
For J,? we may write J,’; so that if in (2) we take 


___ 2Wo(ka) (7) 
kb? J,?(kb) log b/a’ * Dat elk 


we shall have a function which satisfies the necessary 
conditions, and at z=0 assumes the value 1 from 0 to a and 
that expressed in (1) from ato b. But the values of dV/dz 
are not the same on the two sides. 

If we call the value, so determined on the positive as well 
as upon the negative side, V,, we may denote the true value 
of V by Vo+V’. The conditions for V’ will then be the 
satisfaction of Laplace’s equation throughout the dielectric 
(except at z=0), that on the negative side it make V’=0 
both when r=a and when 7r=6, and vanish at z=—o, and 
on the positive side V’'=0 when r=b and when z=+o0, 
and that when z=0 V’ assume the same value on the two 
sides between a and b and on the positive side the value zero 
from 0 toa. A further condition for the exact solution is 
that dV/dz, or dV,/dz+dV'/dz, shall be the same on the two 
sides from r=a to r=b when -=0. 

Now whatever may be in other respects the character of 
V' on the negative side, it can be expressed by the series 


V' =H, d (hyn) eh? + Hag (lgr) e+... - (8) 


where $(/r) &c. are the normal functions appropriate to 
the symmetrical vibrations of an annular membrane of radii 
B2 


A= 
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a and 6, so that @(hr) vanishes for r=a, r=5. In the usual 
notation we may write 


(hr) = hy tia) . wie en 


with the further condition 
Yo(ha) Jo(hb) —Jo(ha) Yo(hb) =0, . . . (10) 


determining the values of h. The function ¢ satisfies the 
same differential equation as do J, and Yo. 

Considering for the present only one term of the series 
(3), we have to find for the positive side a function which 
shall satisfy the other necessary conditions and when z=0) 
make V’=0 from 0 to a, and V’'=Hd(hr) from a to 0b. 
As before, such a function may be expressed by 


V'= B,J, (417) ae eee J o( kar) oak 4 Bee (iL) 


and the only remaining question is to find the coefficients B. 
For this purpose we require to evaluate 


"D 
| h(hr) Jo(kr) rdr. 


From the differential equation satisfied iH Jo and d we get 
6 ” 
k? | Jo(kr) db (hr) r dr =— E -d, etsy Ae a won 
a el NA 


and 
ie Sy(kr) (nn dr= —[ Jo. a +4 ° dp boar, 
so that 
e— ie) |" Jo(hr)p(ln)r dr | » Mee — 1 Gog) 


=—ha ne (ha), a le 


since here $(ha)= (hb) =0, and also J,(kb)=0. Thus in 
(11), corresponding to a single term of (8), 


_ 2haH Joka) ' (ha) ; 
= EB) 67d ChB)” oo. « 


The exact solution demands the inclusion in (8) of all the 
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admissible values of h, with addition of (1) which in fact 
corresponds to a zero value of h. And each value of h 
contributes a part to each of the infinite series of coefficients 
B, needed to express the solution on the positive side. 

But although an exact solution would involve the whole 
series of values of h, approximate methods may be founded 
upon the use of a limited number of them. I have used this 
principle in calculations relating to the potential from 1870 
onwards*. A potential V, given over a closed surface, 
makes 


i £3 dV \? dV \? dV ‘} 
i We) +(‘,) +(7) dxdydz, . (14) 


reckoned over the whole included volume, a minimum. If an 
expression for V, involving a finite or infinite number of 
coefiicients, is proposed which satisfies the surface condition 
and is such that it necessarily includes the true form of V, 
we may approximate to the value of (14), making it a minimum 
by variation of the coefficients, even though only a limited 
number be included. Every fresh coefficient that is included 
renders the approximation closer, and as near an approach 
as we please to the truth may be arrived at by continuing the 
process. The true value of (14) is equal by Green’s theorem 


to 
1 ay 
Res Ms ~ 
roan dn By eee cock n CORD 


the integration being over the surface, so that at all stages 
of the approximation the calculated value of (14) exceeds 
the true value of (15). In the application to a condenser, 
whose armatures are at potentials 0 and 1, (15) represents 
the capacity. A calculation of capacity founded upon an 
approximate value of V in (14) is thus always an over- 
estimate. ‘ 

In the present case we may substitute (15) for (14), if we 
consider the positive and negative sides separately, since it 
is only at <=0 that Laplace’s equation fails to receive satis- 
faction. The complete expression for V on the right is given 
by combination of (2) and (11), and the surface of integra- 
tion is composed of the cylindrical wall r=) from z=0 to 
z=e,and of the plane z=0 from r=0 to r=bf. The 


* Phil. Trans. clxi. p. 77 (1870); Scientific Papers, vol.i. p.33. Phil. 
Mag. xliv. p. 828 (1872) ; Scientific Papers, vol. i. p. 140. Compare also 
Phil. Mag. xlvii. p. 566 (1899), xxii. p. 225 (1911). 

+ The surface at z=-+0 may evidently be disregarded. 
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cylindrical wall contributes nothing, since V vanishes along 
Be PAG 2.10) 

V=>(A+B)J,(kr), —dV/dz= >hk(A+4+ B)Jo(kr) ; 
and 


(15) =48? S k(A 4 By S2(eb). . . ie) 
On the left the complete value of V includes (1) and (8). 


There are here two cylindrical surfaces, but 7 = contributes 
nothing for the same reason as before. On r=a we have 
Vi—1 and 
dV 1 
dr ~ alog bla 
so that this part of the surface, extending to a great distance 
z= —l, contributes to (15) 


l 
2 log bla 


There remains to be considered the annular area at z=0. 
Over this 


—XhHd' (ha) e” ; 


5= Hd !(ha). . me 


log b/r 
=e +2 Glin), oon hele 


dVidz= hU d(hr)s, ~ +. . 2 


The integrals required are 


| (hr) » dr= —h-{b g/(hb) —a@'(ha)}, . . (20) 


Vv 


a) 


{ les rd(hr) rdr= —h-1{b logb¢'(hb) —alog a¢’(ha) },(21) 
0 


{ {h (ler) J? d= 40°{ '(BE)}?—40*[ (ha) }%s 


and we get for this part of the surface 
Lad Hid! (ha) +45 hH?[b7{' (hd) }? a? {b'(ha)}? |. (23) 
Thus for the whole surface on the left 


LS l 1 20 A2Hhl2 LU Bewrg 7 
the simplification arising from the fact that (1) is practically 
a member of the series ¢. 
The calculated capacity, an overestimate unless all the 
coefficients H are correctly assigned, is given by addition o 
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(16) and (24). The first approximation is obtained by 
omitting all the quantities H, so that the B’s vanish also. 
The additional capacity, derived entirely from (16), is then 
36°> kA? J,?(kb), or on introduction of the value of A, 
b Jo (ka) 
nS seen SENSE 8/8 2 
Wee a ilePOF DAA CKD) a pained § (25) 
the summation extending to all the roots of J,(kb)=0. Or 
if we express the result in terms of the correction 6/ to the 
length (for one end), we have 
ol= Gate Kb? J? (kb) > ° ° ° (26) 
as the first approximation to 6/ and an overestimate. 

The series in (26) converges sufficiently. J,?(ka) is less 
than unity. The mth root of Jo(x)=0 is x=(m—})r 
approximately, and J,°(@)=2/7#, so that when m is great 

1 8 
x J 2(x) 7 a (4m—1)?° ° ° ° ° (27) 
The values of the reciprocals of x? J,?(x) for the earlier roots 


can be calculated from the tables * and for the higher roots 
from (27). I find 


Ms x me) ea x23 +J,%(x) 
cL dele 2:4048 ‘51915 2668 | 
oe ae 5°5201 34027 0513 
ha a 8:6537 ‘27145 0209 
Be sece cate: 11:7915 23245 ‘0113 
os 14-9309 ‘20655 ‘0070 | 


The next five values are 0048, -0035, -0026, 0021, -0017. 
Thus for any value of a the series in (26) is 
"2668 Jo?(2°405 a/b) +°0513 Jo?(5°520 a/b) +... ; (28) 
it can be calculated without difficulty when a/b is given. 
When a/b is very small, the J’s in (28) may be omitted, and 
we have simply to sum the numbers in the fourth column of 
the table and its continuation. The first ten roots give 
°3720. The remainder I estimate at ‘015, making in all 
°387. Thus in this case 
“T7T4Ab 
sl= log 6/a’ . . . . ° ° (29) 


* Gray & Mathews, Bessel’s Functions, pp. 244, 247. 
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It is particularly to be noticed that although (29) is an over- 
estimate, it vanishes when «a tends to zero. i 

The next step in the approximation is the inclusion of Hy, 
corresponding to the first root h, of (hb)=0. For a given 
k, B has only one term, expressed by (13) when we write 
h,, H, for h, H. In (16) when we expand (A+B), we 
obtain three series of whick the first involving A? is that 
already dealt with. It does not depend upon H,. Constant 
factors being omitted, the second series depends upon 


J,’ (ka) 
Ree (30) 
and the third upon 
k J? (ka) 31 
(hie =e PRD? ee - 


the summations including all admissible values of &. In (24) 
we have under > merely the single term corresponding to 
H,,/,. The sum of (16) and (24) is a quadratic expression 
in H,, and is to be made a minimum by variation of that 
quantity. 

The application of this process to the case of a very small 
leads to a rather curious result. It is known (‘ Theory of 
Sound,’ § 213 a) that &,? and h,? are then nearly equal, so 
that the first terms of (30) and (81) are relatively large, and 
require a special evaluation. For this purpose we must 
revert to (10) in which, since ha is small, 


Yo(ha) = log haJo(ha)+23.(ha), . . - (82) 
so that nearly enough 


Joe) —(h—bypdyiceay— 10) ee 


logha log ka’ 


and 
has ¥ 9 (40) 
Saha bJ (kb) log a ie 


(33) 


Thus, when @ is small enough, the first terms of (30) and 
(31) dominate the others, and we may take simply 


a b log kya 
(30) “a 2k? ¥ (4,0) J3(h,0) “ae j (34) 
b? log? kya 
O09|\ ‘ 
(31) TEV wre (ee (35) 
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E arenes) 


$ (kya) = — (36) 


kya log kya log kya - 
Using these, we find from (16) and (24) 
coh alia Hy, Hy 
foo%/a~ U3 J.2(kb) * ky*b log bfa . Yoikib) Jy(hyb) + 4h Ye(hy) 
l ky Hy’ me 
Deals, Adon’ dat {BY “bias ah, - GU 


as the expression for the capacity which is to be made a 
minimum. Comparing the terms in H,’, we see that the 
two last, corresponding to the negative side, vanish in com- 
parison with the other in virtue of the large denominator 
log? kia. Hence approximately 


2Yo(kyb) 


ote kyb log bla . Jy (k,b)’ ve) 
and (37) becomes 
alee. b s_ 1 h 1 
2 log bla * log® b/a~ kb J2(kb) — log bJa k8u3 J2(kyb) 
(39) 


when made a minimum by variation of H,. Thus the effect 
of the correction depending on the introduction of Hy, is 
simply to wipe out the initial term of the series which 
represents the first approximation to the correction. 

After this it may be expected that the remaining terms of 
the first approximation to the correction will also disappear. 
On examination this conjecture will be found to be verified. 
Under each value of / in (16) only that part of B is important 
for which h has the particular value which is nearly equal to 
k. Thus each new H annuls the corresponding member of 
the series in (39), so that the continuation of the process 
leaves us with the first term of (39) isolated. The inference 
is that the correction to the capacity vanishes in comparison 
with 6+ log? b/a, or that 6/ vanishes in comparison with: 
b+ log b/a. It would seem that 6/ is of the order b= log? L/a, 
but it would not be easy to find the numerical coefficient by 
the present method. 

In any case the correction 6/2 to the length of the rod 
vanishes in the electrostatical problem when the radius of 
the rod is diminished without limit—a conclusion which I 
extend to the vibrational problem specified in the earlier 
portion of this paper. 


pelo 


Ii. On the Theory of the Decrease of Velocity of Moving 
Electrified Particles on passing through Matter. By N. 
Bour, Dr. phil. Copenhagen *. 


HEN cathode-rays or a- and @-rays penetrate through 
matter their velocity decreases. A theory of this 
phenomena was first given by Sir J.J. Thomson f. In the 
calculation of this author the cathode- and §-rays are assumed 
to lose their velocity by collisions with the electrons con- 
tained in the atoms of the matter. The form of the law, 
found by this calculation, connecting the velocity of the 
particles and the thickness of matter traversed, has been 
recently shown by Whiddington t to be in good agreement 
with experiments. Somewhat different conceptions are used 
in the calculation of Sir J. J. Thomson on the absorption of 
a-rays, as the latter, on account of their supposed greater 
dimensions, are assumed to lose their velocity by collisions, 
not with the single electrons but with the atoms of the 
matter considered as entities. 

According to the theory given by Professor Rutherford § 
of the scattering of a-rays by matter, the atoms of the matter 
are supposed to consist of a cluster of electrons kept together 
by attractive forces from a nucleus. This nucleus, which 
possesses a positive charge equal to the sum of the negative 
charges on the electrons, is further supposed to be the seat 
of the essential part of the mass of the atom, and to have 
dimensions which are exceedingly small compared with the 
dimensions of the atom. According to this theory an 
a-particle consists simply of the nucleus of a helium atom. 
We see that after such a conception there is no reason to 
discriminate materially between the collisions of an atom 
with an e- or 6-particle—apart of course from the differences 
due to the difference in their charge and mass. 

An elaborate theory of the absorption and scattering of 
a-rays, based on Professor Rutherford’s conception of the 
constitution of atoms, was recently published by C. G. 
Darwin ||. In the theory of this author the «-particles 
simply penetrate the atoms and act upon the single electrons 
contained in them, by forces varying inversely as the square 


* Communicated by Prof. E. Rutherford, F.R.S. 

+ J. J. Thomson, ‘Conduction of Electricity through Gases,’ pp. 370- 
382. 

{ R. Whiddington, Proc. Roy. Soc. A. Ixxxvi. p. 360 (1912). 

§ E. Rutherford, Phil. Mag. xxi. p. 669 (1911). 

|| C. G. Darwin, Phil. Mag. xxiii. p. 907 (1912). 
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of the distance apart*. By help of some further simple 
assumptions about the distribution of the electrons in the 
atoms and the effect of the forces acting upon them, Darwin 
obtained results for the scattering as “well as for the ab- 
sorption of the rays, which agree approximately with the 
experiments. 

The above theories make use, however, of some special 
assumptions which seem to me to be open to objections of a 
principal character, and I have in this paper made an attempt 
to treat the problem in a somewhat different manner. The 
theory in question assumes that the loss of velocity of a 
moving electrified particle in passing through matter is due 
to a transfer of kinetic energy to the electrons of the atoms 
with which it collides. If we assume that the effect of the 
forces which keep the electrons in their position—or their 
orbits—inside the atoms can be neglected during the very 
short collisions between the electrons and the particles, we 
can yery simply calculate the orbits of the electrons during 
the collisions, and consequently the energy transferred to 
them and the loss of volocity of the particle. If, however, 
we integrate the total loss of energy due to all the electrons in 
the matter, we get in this way an infinitely great value for 
the absorption. Sir J. J. Thomson, in his above mentioned 
theory of the decrease of velocity of cathode-rays, avoids 
this difficulty by introducing, as an effective limit for the 
action of the electrons on the velocity of the particles, a 
distance comparable in size with the distance apart of the 
single electrons in the atoms. This limit is chosen from the 
consideration that for distances greater than this, the effect 
of the different electrons on the moving particles will mutually 
disturb each other. The simultaneous influence of the different 
electrons on the particles will, asit will be seen, highly affect 
the deflexions of the particles for the distances in question, 
and the limit mentioned will therefore hold for the calculation 
of the scattering of the rays. The limit will, however, not 
hold for the calculation of the decrease of velocity of the 
particles; for, on account of the great velocity, the motion of 
the particles will be very slightly affected by collisions in which 
the distance of the electrons from the path of the particle is of 
the order of magnitude assumed for the distance apart of the 
electrons in the atoms. The forces exerted by a particle on 
an electron, and consequently the energy transferred to the 


* Corresponding assumptions are also used by Sir J.J. Thomson in a 
recent paper on the ionization of moving electrified particles, Phil. Mag. 
xxill. p. 449 (1912). 
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latter by the collision, will therefore be very nearly inde- 
pendent of the simultaneous effect of other electrons on the 
particle. 

Darwin, in his theory of absorption of «-rays, proceeds in 
another way and avoids the difficulty by assuming that the 
forces on the electrons from the side of the atoms can be 
neglected during the very short and violent collisions between 
an electron and an a-particle, which occur when the particle 
traverses the same atom to which the electron belongs ; and 
further, that the velocity of the a-particle will be unaltered 
if the particle during its path does not enter the atom. 
Using these assumptions and comparing the theory with the 
experiments, Darwin finds values for the diameter of the 
atoms which decrease for increasing atomic weight, and 
which for the lightest elements are several times greater 
than the generally adopted values for this quantity, and for 
the heaviest elements several times smaller. It seems, how- 
ever, to me not to be justifiable to take the surface of the 
atoms as the limit of the effect of the electrons in the atoms 
on the particles. Outside an atom the forces on the particle 
from the electrons and the central positive charge will 
certainly very nearly neutralize each other ; but the decrease 
of velocity of the particles depends only on the motion of the 
electrons during the collision, and not on the total force 
exerted on the particle by the whole atom, the latter force 

producing only the scattering of the rays. 
We can, however, get a natural limit for the effect of the 
electrons on the velocity of the moving particles by taking 
into account the forces by which the electrons are kept in 
their positions in the atoms. Under the influence of these 
forces the electrons will have a sort of vibratory motion if 
they are disturbed by an impulse from outside. We see 
immediately that the forces in question will materially alter 
the motion of the electrons during the collision, and con- 
sequently the loss of energy of the particle, if the time of 
vibration of the electrons is of the same order of magnitude 
as the time of collision, 7. e., the time which the particle 
takes to travel through a distance of the same order of 
magnitude as the shortest distance apart of the electron from 
the path of the particle*. We see, further, that the effect 
of the electrons on the velocity of the particle will decrease 
very rapidly with the distance of the electrons from the 
particle, if this distance is so great that the time of collision 
is great compared with the time of vibration. The effective 


* Compare J. J. Thomson, Joc. cit. Phil. Mag. xxiii. p. 454 (1912), 
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limit for the action of the electrons on the velocity of the 
particles—and consequently the value of the absorption of 
the rays—which we get in this way will depend purely on 
the frequency of the electrons: and the velocity of the par- 
ticles, and may for the same velocity of the particles be very 
different for the different electrons inside the same atom, 
according to their different frequencies. The limit in question 
will, at least for some of the electrons in elements of high 
atomic weight, in which elements the existence of vibrations 
with very high frequencies is observed, be much smaller 
than for the electrons in the elements of low atomic weight. 
This circumstance seems, as it will be shown, to account for 
the comparatively much smaller absorption of such elements 
for the same weight of matter per cm.? 

It will be perceived that the theory of the decrease of 
velocity of moving electrified particles on passing through 
matter in this form bears a great analogy to the ordinary 
electromagnetic theory of dispersion ; the different times of 
vibration for the different wave-lengths considered in the 
theory of dispersion is here replaced by the different times 
of collision of particles of different velocities and at different 
distances from the electrons. In fact it will be shown, that 
the information about the number and the frequency of the 
electrons in the atoms, which we get from the theory of 
dispersion, will enable us to calculate values for the absorption 
of a-rays for the lightest elements which are in very close 
agreement with the observed values. Since, however, the 
decrease in the effect of the electrons corresponding to an 
increase in their frequency is much more rapid for the 
dispersion than for the loss of velocity of moving particles, 
it seems possible by considering the latter to get more infor- 
mation about the higher frequencies in the atoms, and from 
this some more information about the internal structure of 
the atoms. 


In considering the collisions between the electrons and the 
particles we shall at first neglect the forces from the side of 
the atoms. Let E and M be the charge and the mass of a. 
particle, and e and m be corresponding quantities for an 
electron. Let us further assume that the electron is at rest, 
and that the particle has a velocity V before the collision, 
and let the distance apart of the electron from the path of 
the particle before the collision be p; then the calculation. 
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of the orbits gives * 
sel a's 

Dov me Ne 

ial M+ a 


where 28 is the angle through which the direction of the 
relative motion is deflected by the collision. For the sake 
of brevity we shall in the following use the notation 
spies eH(M +m) 
le Vem Ms 17 


The velocity of the electron after the collision will make 


sin? $= 


an angle equal to 3 with the path of the particle before 


the collision, and its value will be given by 


M 
D i e 
v=V Maca haley 


The energy transferred to the electron by the collision is 
consequently equal to 

a 2mM?V? 

"(m+ M)? 


sin? 3. 


Further, we easily find that the displacement of the electron 
in a direction perpendicular to the path of the particle, at 
the moment in which the electrons and the particle are 


nearest each other, is equal to eas cos3. We see that $ 


mV? 
will be very small, and the velocity of the electron after the 
collision very nearly perpendicular to the path of the particle 
if p is great in comparison with 2 ; in this case the displace- 
ment of the electron during the collision will further be very 
small in comparison with p. 


Now proceeding to consider the effect of the forces on the 
electrons from the side of the atoms, we shall for the present 
assume that the frequency of the electrons is so small that 
the time of vibration is very long in comparison with the 
time of collision, for collisions in which p is of the same 
order of magnitude as 2; this will, in fact, be satisfied for 
the lightest elements, as we shall see later. In this case 
we shall consequently only have to consider the influence 


* Compare J. J. Thomson, ‘ Conduction of Electricity through Gases,’ 
p. 376, and Phil. Mag. xxiii. p. 449 (1912); C. G. Darwin, doc. eit. p. 908. 
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of the forces in question for collisions in which p is great in 
comparison with >. This simplities the caiculation very 
much, because then we can assume that the displacement 
during the collision is negligibly small in proportion to p. 
In the following calculation we shall consider separately the 
motion of the electrons perpendicular and parallel to the 
path of the particle; the total energy transferred to the 
electrons during the collisions will be the sum of the energy 
corresponding to these two motions. 

In the figure the line AB represents the path of the 
particle, which in the collisions considered here (t. ¢., p great 


B ee ee es Oe feels: Sis C 


in proportion to A) will be very neariy a straight line. 
Further, A is the position of the particle at the time ¢, and 
C is the mean position of the electron. BC is perpendicular 
to AB. According to the above notation, BC=p; and 
assuming that the particle will be at B when the time is 0, 
we have AB=V.t. 

For the force acting on the electron in the direction OB, 
we now get 


BC eH 
NG = (WEE DE =m. p(t). 


ea 


For the equation of motion of the electron perpendicular 
to the path of the particle we get 


ad? a 
ae + na = b(t), 


in which n is the frequency corresponding to the forces in 
question. 
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The solution of this equation subject to the condition that 


Ax ‘ 
«w=0 and aa for t=—o, is* 
1 a da u 
v= | sin n(t—z). d (z)dz ; T=) O88 n(t —z) . b(z)de. 


We have in the above expression assumed that the electron 
was at rest before the collision with the particle; if we 
assume that the electrons are in motion in the atoms 
before the collision (the dimension of their orbits must, how- 
ever, for the justification of the above calculations be small 
in proportion to p; for the fulfilment of this condition see 
later on p. 20), the effect will only be an introduction of 


e e dx e . 
some terms in the expressions for and —— which will 


dt 
again disappear in the expression for the mean value of the 
energy transferred. 
For the sum of the kinetic energy of the electron at the 
time ¢, and its potential energy due to its displacement 
relative to the rest of the atom, we have now 


m (dx\2 mn? m y F 
a i: ) tig: | a [| COS NZ. o(=)dz | 


—e 


LOL (eae 2 
ar oo sin nz. $(2)d2| : 


For the energy transferred to the electron by the collision, 
due to motion perpendicular to the path of the particle, we 
now get, observing that in this case (<) is an even function 
Bie, 

+a 


QO = = { COS NZ. o(=)d2 | 


— oo 


2 
and introducing for $(z) 
22H? 4 (np\ 
Qi= mV2p?" i (+ ) 


* See Lord Rayleigh, ‘Theory of Sound,’ i. p. 75. For the following 
analysis compare also J. H. Jeans, ‘ Kinetic Theory of Gases,’ p. 198. 
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+0 
COS “Zz 


(2 G+” 


where ee 


is represented for all values of # by the convergent series 


Ey) Saens 1 2 Whe 
B2=!—Tis t3(5) - raiza(ty + 33)(5) 5) ~~ 
AE, 3 ; 94] (: is 
ee yhaiis 32 te) a 
ee ea), es. (2), : 
+( ae MG miro Va) repeals) 
Wei Reach ai ‘ 
(n—1)! nt\2 roi 
where vy is Huler’s constant, y=0°5772. 


When @ is large, f(#) is represented by the asymptotic 
series 


Mes aay 1301 3.5 aa 
(2) Yon vo(l+y— | OS :- “"$(5)+ | aR 82 


pytit 3-5... @n—3) 1.3 -. -@n—-1)_) 
=) n! (8x) 


For the force acting on the electrons in the direction parallel 
to the path of the particles we have now (see figure, p. 15) 


AB eHVt 
AG = (Weep — 40: 


For the ener gy transferred to the electron during the col- 
lision we get in the same manner as above (W(t) an uneven 
function of ¢) 


+0 
Q.= = [ {sin NZ. v(@)dz | ? 
and introducing for w(z) 
i 2 
fee e EV Lf 2 sin nz Vie? + py dz | ’ 
5 m a + p’)3 


ca Dee C5 , 
= vo (F) 


Phil. Mag. 8. 6. Vol. 25. No. 145. Jan. 1913. C 


F,=eH 
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where 


+0 +0 
z2sin xz a“ COS wz 
— a c=) le 
ae at Ee Dy east Pt), 


in which f(#) is the same function as above. 

While for the motion perpendicular to the direction of the 
particle the energy transferred is always smaller than the 
energy calculated by considering the electrons as free, this 
is not the case for the motion “parallel to the path of the 
particle. 

For the total energy transferred to the electron by the 
collision we have now 


2e"li” p 
Q=A4Q= yee PP) - 2) 


where P(x) =/7?() +9°(z) is equal to 1 for 2 =0, and decreases 
very rapidly for increasing values of 2, when # is great ; for 
«=0 we notice that P’(v)=0. 

Let us now consider a particle passing through matter. 
Let us assume that the numbers of atoms per unit volume is 
N, and that each atom contains r electrons of frequency n. 
Let further a be a constant, great in comparison with i, but 
small in comparison with Vin (see p. 15), we then get for the 
total energy dT transferred to the electrons when the particle 
travels through a distance dx 


dT=Nr Bh Qo2arpdp +{ Q2mpdp | dx 
0 a 
by help of (1) and (2) we get 


hae UeNT pdp 1 
aT'= mV? Tl aa (“=P(# ?) dp |ae. 


Neglecting (A/a)? (see Bene we get 


Ane’ KP Nr [log (< 


mV? — 


ol +f? Pie Jd: |e, 


an 


aVial 


Ave? KH? Nr a an (7) 
of arom [toa(S ) -t08( eal )_ log: <7 Ae ian (z) dz 2 |e. 


an 
V 


an . 
- is very small, and we can 


Vv 


According to our assumption, 
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therefore put P(¥") =1,and further take the limit for the 
integral to be 0 and «, (P’(0)=0). 


Putting 


log zP'(z)dz=— log k, 
we thus get 
T= Adore? EP Nr ie V?kMm Me 
a mV? = ae == = 
I have calculated k by help of the above formule for f(a) 


and found 


If we assume that the atoms contain electrons corresponding 
to different frequencies, and if we denote the frequencies of 
- the r electrons in each atom by n,, ng, ... n;, we get 


dore?H2N , #27 V2kMm 
3a mV? dz = log (enc + a) (3) 


Since dT is equal to the decrease in the kinetic energy of 
the particle, 2. e., in MV’, we have 


dV __ 4meBN 3") 7 VkMm 2 
dx Me mM V? 1 2 (nO + m) ). ( ) 


In establishing the formula (4) we have only considered 
the interaction between the particle and the electrons, and 
not the interaction between the particle and the central 
charge in the atoms ; as Darwin® has shown, the effect of 
the latter interaction will, however, be negligibly small in 
comparison with the former: this conclusion will hold un- 
altered for the theory in the form it is given here. 

The formula (4) expresses the rate of decrease of velocity 
of moving electrified particles as a function of the velocity 
of the particles and the number and frequencies of the 
electrons. 

It V is very great we can neglect the variation in the 
logarithmic term, and get for the relation between V and 
the distance the particles have travelled through matter, 
denoting the velocity for «=0 by Vo, 

SD ee a a VE a (5) 
where 
_ 167re?E?N *5 . ( Vo kMm 
co) 


we | er 8 nseH(M +m) 7° 


* Darwin, loc. cit. p. 908. 
3 


= 
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This relation is of the same form as the one deduced by 
Sir J. J. Thomson, and shown by Whiddington to hold 
approximately for cathode-rays (see p.10). or still greater 
velocities, corresponding to the fastest @-rays, the form of 
the relation between.V and w will be altered on account of the 
rapid increase in the mass of the particles if their velocity 
is very near to the velocity of light (see later, p. 29). 

For smaller values of the velocities of the particles the 
logarithmic term will be of material influence on the relation 
between V and a, the effect being of the sense as to diminish 
the power of V on the right side of the equation (5). This is 
in agreement with experiments on a-rays. 

If we assume that the number of electrons in an atom is 
proportional to the atomic weight, and if we consider that 
the atoms of elements of increasing atomic weight contain 
electrons of increasing frequency, we see immediately that 
the formula (4) accounts for some of the principal features of 
the absorption of a-rays by different elements. It accounts 
for the fact that the absorption for equal weight of matter 
per square centimetre decreases for elements of increasing 
atomic weight *. It accounts further for the fact that the 
relative absorption for different elements varies with the 
velocity of the a-rays, the absorption for the heavier elements 
being comparatively greater for greater velocities of the rays. 

For a closer numerical comparison between the theory 
and the experiments we must, however, observe that in the 
deduction of the formula (4) we have made use of some 
assumptions about the magnitude of the frequency and 
velocity of the electrons which may not be satisfied with all 
the electrons in the atoms considered, for the velocities of 
the particles in question. These assumptions are :— 


(1) That the frequency n is small compared with V/A; 

(2) That the velocity 7 of the electrons in their undisturbed 
orbits is small compared with the velocity of the 
particles ; 

(3) That the linear dimensions p of the orbits in question 


are small compared with a (see p. 16). 


As regarding the order of magnitude 7 and p are 

connected by the relation r=np, we see that condition 

(2) is Fulfilled at the same time as (3). The calcula- 
tions involves still the assumption, 

(4) that the displacement of the electrons caused by the 


* W. H. Bragg and R. Kleeman, Phil. Mag. x. p. 318 (1905). 
+ T.S. Taylor, Phil. Mag. xviii. p. 604 (1909). 
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forces from the particle is small compared with the 
dimensions of their undisturbed orbits, for such col- 
lisions for which we have to take the forces from the 
side of the atom into account; or in other words, 
that nothing of the same sort as ionization will occur 
for such collisions. As, however, the forces between 
the particles and the Be one . the same distance 
are of the same order of magnitude as the forces 
which act upon the electron from the central char ge 
and the other electrons, we see that condition (4) 1 is 
satisfied if condition (3) is. 


It seems very difficult to account accurately for the altera- 
tions in the result, if the above assumptions are not satisfied ; 


but it is easy to see that if the ratios Md and “P are small 


Vv Vv 
quantities, then the corrections in the result will be propor- 
tional to the squares of these ratios *. 


Comparison with Experiments. 
I. a-rays. 


We shall at first consider the absorption of a-rays, as the 
behaviour of these rays, on account of the small scattering, 
is much more accurately known than the corresponding facts 
for B- or cathode-rays. 

Absolute measurements of the variation of the velocity of 
a-rays with the thickness of matter traversed have lately 
been made by Geiger ft for air. This author found that the 
relation 


i ie = 46) 


where V is the velocity of the «-rays and R the corr a ale g 
range of the rays in air, was satisfied with great accuracy for 
avery great part of the path of the rays. In determining 
K, we have that the range in air of «-rays from radium C is 
7-06 om. (at 76 cm. and 20°C. ) f, and that the initial velocity 
of these rays is § 1°98. 10° cm. /sec.: ; this gives K=1-10. 10”. 
Hlaborate measurements of the relative absorption- 
coefficients of different elements for a-rays corresponding 
to different ranges in air have been made by Taylor ||. The 


* Compare Darwin, Joe. cit. p. 902. 

t H. Geiger, Proc. Roy. Soc. A. lxxxiii. p. 505 (1910) 

{ Bragg and Kleeman, loc. ect. p. 318. 

§ E. Rutherford, Phil. Mag. xii. p. 358 (1906). (he above value 
for V is Rutherford’s value for V. M/E, multiplied by 4°87 . 10°, 2. e. the 
value of E/M for helium.) 

|| T. S. Taylor, Phil. Mag. xviii. p. 604 (1909). 
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ranges in air of the e-rays, when entering the absorbing 
sheets, varied in these experiments from about 5 to about 
2cm. The figures in the table below for the absorption 
relative to air are obtained by interpolation in Taylor’s 
Tables II. and III. (loc. cit. pp. 608-610), the range quoted 
is the mean value of the ranges for the a-rays entering and 
Jeaving the absorption sheets, and the values for the absorp- 
tion are the mean values calculated from the different series 
of experiments using same absorbing material. 


Range im aire. ..cce. 2°24. 4°87. 
Hydrogen ....c.c.0 ese. heOdey) 4a one 

AE eg ae RNG Re 1:00 1-00 | 
| Aluminium ...........0c0- 169.10? | 175.103 
gee aE Te es 233.10", | 2-56) 107 amt 
AGEL ee ae 471.10? | 5:57.10? | 
} salah ui tassel ay $06.10? | 353.10" | 
| | 


The ranges 2°24 and 4°87 are chosen as those corresponding 
to the velocities 1:35.10° and 1:75.10° according to the 
formula (5). According to the same formule we further 


a in air is equal to respectively 
— 201.108 and —1:20.10%. From this we get by help of 
dV 


the above table the following values for — see 
: vv 


get that for these velocities, 


Velocity 2....0 54 135109411754 Oe 
Piydropen' Eeyenee tee Dre Oe 2a} WOW Rs 
TA eae ss Os cca 201.108 | 1:20. 10° 
AMTALITVUT eee wale 34 . 10" pil Une NOES 
Fes, VaRG a ernie 47.10% | 31 . 19" 
ON hoa. esses et atl Oa SON Began 
lt eile ard ld dc | 61.104 | 42 . 10" 

| 
Hydrogen. 


Comparing the above values with the theory, we shall 
start with hydrogen as the substance for which the assump- 
tions mentioned on p. 20 are satisfied in the highest degree. 
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From the formula (4), p. 19, we get, putting 
e=4°65.10-, H=2e, e/m=5°31.10", E/M=1-46.10%, 


and N=2°59.10!° (at 76 cm. and 20° C.), 

for 

V=135.10%, TY =4-42. 10% S" (log (n,- 10-") +059) 

and for + (7) 
V=1'75. 10°, = =2-03. 10° 3 (log (n, . 10-19) —018) 


From experiments on the refraction and dispersion in 
hydrogen, and the discussion of these esperiments according 
to Drude’s theory, C. and M. Cuthbertson find that a hydrogen 
molecule in its normal state contains 2 electrons of frequency 
eas al 10 *. 

Putting r=2 and ny=n,=2'21.10" in the above formule, 
we get 


for Wiss bad. 10?; - = —4°9.10', 
and 
for Vet-75.i80, a = —2°6.10%. 
ne 


These values are in close agreement with the values for 
vob in the table on p. 22, t. e. respectively 


da 
ay = 54,10" and a ae SF, 
v 


The small differences between the calculated and the 
observed values are not greater than was to be expected, as 
the values calculated, on account of possible experimental 
errors in the entering constants, are not certain within more 
‘than about 10 p.c. We shall further here examine to what 


* C. and M. Cuthbertson, Proc. Roy. Soc. A. lxxxiii. p. 166 (1909); 
see also Drude, Ann. d. Phys. xiv. p. 714 (1904). (The agreement with 
Drude’s theory is, however, not quite satisfactory, as the number of 
electrons works out somewhat less than 2. A probable explanation of 
this fact seems to be that the frequency of the electrons is not the same 
for displacements in all directions, a circumstance not to be expected in 
a system which has at most one axis of symmetry, ¢. e. the axis of the 
diatomic molecule. This question will be discussed in a later paper ; 
for the present we shail use the above value for x, as the influence on 
the result of the correction in this value, which will follow from the 
discussion referred to, will not be greater than the inevitable errors due 
to the uncertainty in the other experimental constants entering into the 
calculations.) 


dx 
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degree the conditions on p. 20 are satisfied in the case in 
question. For V=1:75.10°, we get 
eH(M+m)_ ,. 4 Snead ? 
N= i Po NIin F =(lebeil.@ a! and Vin=0:8 . 10 iS 

We see that the first condition is amply satisfied. We have, 
further, that the maximum value to be assumed for the 
quantity p on p. 20 is about 10-8, 7. e. the “radius” of a 
hydrogen molecule ; we thus get the maximum value to be 


assumed for a equal to about 0-1. As the corrections due 
to finite values for = as mentioned on p. 20, are propor- 


tional to the square of this quantity, we must, therefore, 
expect them very small in the considered case. 

It may here be remarked that the above value for V/n 
shows that the effective limit, mentioned on p. 12, for the 
action of the electrons on the velocity of the particles, for 
hydrogen and for particles of the velocity considered is about 
8 times the radius of the molecules ; for @-rays of velocity 
near the velocity of light the limit in question would be more 
than 100 times the radius of the molecules. 

We see that the absorption of a-rays in hydrogen can be 
satisfactorily accounted for by assuming the same number of 
electrons per molecule and the same frequencies, as those 
assumed in order to explain the refraction and dispersion in 
this gas. It may here be mentioned, that if we assumed 
that the hydrogen molecule contained more than two electrons, 
the theory shows that the frequencies of the other electrons 
must be extremely high, as the absorption due to them, after 
the above calculation, cannot amount to more than about 
10 per cent. of the absorption due to the two electrons con- 
sidered. Thus assuming that the molecule contains further two 
electrons, we get that for them must be at least of the order 
of magnitude of 101%; a value for n which seems difficult to 
reconcile with experiments en characteristic Réntgen rays 
(comp. later, p. 26). If we adopt Rutherford’s conception 
of the constitution of atoms, we see that the experiments on 
absorption of e-rays very strongly suggest, that a hydrogen 
atom contains only one electron outside the positively charged 
nucleus. 

FTelium. 

For helium there is no measurement of the absorption 
coefficient for different velocities ; the only experiment with 
this gas is a determination by Adams* of the range in 


* KH, P. Adams, Physical Review, xxiv. p. 118 (1907). 
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helium of a-rays from polonium. Adams finds the absorption 
in helium a little bigger than in hydrogen ; the ratio being 
Her LD, 

According to Cuthbertson’s experiments * and Drude’s 
theory the dispersion in helium can be explained by assuming 
two electrons per atom (the calculated value is 2°3) of a 
frequency n=3°72 . 101°. 

Introducing these values for r and n in the formula (4), 


p- 19, we get values for a in helium which are a little 


smaller than those found above for hydrogen, the ratio being 
ron — ie). 10% and 0-90 tor V=1-35 . 10°. 

If this disagreement is real (Adams states (loc. ct. p. 111) 
that the purity of the gases used was not secured very 
effectively ; a little contamination of the helium with heavier 
gases will explain the disagreement in question) it suggests 
that even for helium the neglected corrections will be of 


sensible influence. As, however, the quantity is to be 
assumed about twice as large for helium as for hydrogen, we 
see, on the other hand, that the corrections, being about 
30 per cent. for helium, will not be more than about 10 per 
cent. for hydrogen. The following results for oxygen and 
aluminium seem, however, to indicate that the corrections 
considered are much smaller. 

The value r=2 for the number of electrons in a helium 
atom, indicated by experiments on dispersion and on absorption 
of a-rays, is what we, adopting Rutherford’s theory of atoms, 
necessarily must conclude from the behaviour of «-rays, 
according to which helium atoms formed from e-particles 
will only contain 2 electrons outside the central nucleus. 


Oxygen. 


_For the ratio between the absorption in oxygen and in 
air, Adams (loc. cit. p. 113) found 1-03, and according to the 
table, p. 22, we therefore get for oxygen 

dV 


for V=1:35.10°, ——=—2:07. 108, 
dx 


et for) Md iih 102, = — 1-24. 108. 


* C. & M. Cuthbertson, Proc. Roy. Soc. A. Ixxxiv. p. 13 (1910). 
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By comparison with the formule (7), p. 23, we now get 


S (log (n, .10-!) +0°59) =—47, 
s=] 


> (log (n, .10-) —0:18)=—61. 


s=l 
From this we get at first by subtraction 
fr. OF7TH=I14 or r=18. 


According to Rutherford’s theory of atoms we should 
expect 16 electrons in an oxygen molecule. ‘The agree- 
ment between this value and the above value for 7 is very 
satisfactory. 

From the above we get further 


Silos @. ee 
s=1 


From experiments on dispersion* we have that an oxygen 
molecule contains 4 electrons of frequency 2°25.10'°; we 
get, therefore, 


E log (n,. 10-8) = —58+4.61=—34, 


If we for the present assume that the other 12 electrons 
supposed contained in an oxygen molecule have equal 
frequencies n', we get 


log (n’. 10°%)=—2°8, and n’=0°6.10". 


We know very little about the higher frequencies in 
oxygen, but we can get some estimation of what we should 
expect, from experiments on characteristic Réntgen rays. 
Whiddington + has found that the velocity of an electron 
just sufficient to excite the characteristic Roéntgen rays in an 
element is equal to A. 10%em./sec., where A is the atomic weight 
of the element in question. The energy possessed by such 


an electron is Ai A?.10'6 According to Planck’s theory of 
radiation we further have that the smallest quantity of energy 
which can be radiated out from an atomic vibrator is equal 
to v.k, where v is the number of vibrations per second and 
k=6°55.10-*. This quantity must be expected to be equal 


* C. & M. Cuthbertson, loc. cit. p. 166. 
+ R. Whiddington, Proc. Roy. Soc. A. Ixxxv. p. 3828 (1911). 
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to, or at least of the same order of magnitude as, the kinetic 
energy of an electron of velocity just sufficient to excite the 


radiation: putting them equal we get vh= = OTe and 


from this v= A? . 6'7 . 1014. No experiments on characteristic 
Rontgen rays are made for oxygen, but if we assume Whid- 
dington’s law to hold for this element, and put A=16 in the 
above expression for v, we get v=1°7 . 101", and accordingly 
for the frequency n=27v=1:1.10%. The agreement as to 
the order of magnitude between this value and the above 
_ value for n', calculated from the absorption of a-rays, is 
remarkable. 

An estimation of the magnitude of the corrections to be 
introduced in the formula (4) in case of oxygen, involves a 
discussion about the relation between the frequencies and 
the dimensions of the orbits of the electrons in the interior 
of the atoms; and must therefore be postponed till the later 
paper referred to in the note on p. 23. 

For aluminium, tin, gold, and lead, we get in the same 
manner as for oxygen, by comparing the values in the table 
on p. 22 with the formula (4) on p. 19, the following 
values for r and & log (n;. 10719). 


‘S97 
Substance: . — (log zs. 10-19). Atomic weight. 

| chi 
Aton ......; 9 14 4] 27 
al (VT RRA i 5-2 a 38 94 119 
COTE ae RA Ca rae 126 197 
1 Dey OAR 9 ae P65 122 207 

| | H 


According to Rutherford’s theory we shall expect values 
for 7 equal to about the half of the atomic weight ; we see 
that this is the case for aluminium, but that the values for 
r for the elements of higher atomic weight are considerably 
lower. The values found for > log n, are of a magnitude to 
be expected if the atoms contained electrons of different 
frequencies varying from the order of magnitude of the 
frequencies observed by the dispersion in the transparent 
bodies to that of the characteristic Roéntgen rays. it must, 
however, here be remarked that the magnitude of the cor- 
rections to be introduced in the formulz (4) must be expected 
to increase with increasing atomic weight of the-substance 


28 Dr. N. Bohr: Theory of Decrease of Velocity of 


considered, and that for the elements of higher atomic weight 
especially the values calculated for 7 are uncertain, as these 
values are determined by considering the difference in the 
absorption of a-rays of different velocities, and for these 
velocities the differences in the neglected corrections may be 
considerable. | 


Il. Cathode rays and B-rays. 


The most detailed measurements of the decrease of velocity 
of cathode rays in passing through matter have been made by 
Whiddington*. ‘This author found, using cathode rays of 
velocity between about 5.10° and 9.10°, that the variation in 
the velocity of the rays and the thickness of matter traversed 
was connected by a relation of the form given by the 
equation (5) on p. 19. The determination of the entering 
constant @ gave | 


for Aluminium, a=7:32.10*; for Gold, a=2-54210= 


and for Air at 760 mm. pressure of mercury and 15° ©., 
a= 70,5108: 


From the expression for a on p. 19, we get, putting 
v=7.10° and introducing the values;tor 7 and & log n; found 
above in considering the absorption of a-rays, 


for Aluminium, a=1-9.10*; for Gold;a=7-3240—- 
and for Air, Ci ee 


We see that the observed and calculated values agree as. 
to the order of magnitude, but that the differences are very 
considerable, the values calculated for aluminium and gold 
being about three times greater than the values observed, 
and the value of air about half. It seems difficult to account 
for this disagreement, if it cannot in one way or other be 
referred to the extraordinary difficult experimental conditions. 
It may thus be remarked, that the ratio between the rates of 
decrease of velocity in aluminium and in air is found about 
five times smaller in Whiddington’s experiments than in 
experiments with e-rays; a circumstance which seems difficult 
to reconcile with facts found as well by experiments with 
a-rays of different velocities as by comparing the results of 
experiments on §-rays with those for a-rays, 2. e., that the 
rate of decrease of velocity in different substances, calculated 
per number of atoms, is greater for substances of higher 


* R, Whiddington, Proc. Roy. Soc. A. Ixxxvi. p. 360 (1912). 
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atomic weight, and that the ratio between the rates of 
decrease increases with increasing velocity of the rays. 

Measurements of the decrease of velocity of @-rays is made 
for very hard §-rays by W. Wilson*, and recently for slower 
rays by O. v. Baeyert. The last author found by experi- 
ments with aluminium, and using §-rays, the velocity of 
which was between 1.10! and 2.10" cm./sec., that the varia- 
tion in the velocity approximately satisfied a relation of the 
same form as that found by Whiddington. Jor a velocity 
of 1°5.10! he found the constant a equal to about 1°1.10%. 

From the expression for a on p. 19, we get for the 
velocity considered, introducing the values for r and = log ng, 
found for a-rays, and putting M=1°54 m, i. e. the longitu- 
dinal mass of an electron moving with a velocity equal to 
half the velocity of light (the influence of the alteration in 
‘the mass of the particles on the constant a is for this velocity 
already considerable, but the variation in the mass with 
the velocity is still too low to alter materially the form of 
the relation connecting V and ~), 


ait. LO: 


We see that the agreement for these faster rays is better 
than the one found above for cathode rays. 

O. v. Baeyer has also made a few measurements of the de- 
crease of velocity of ®-rays in tin, copper, and platinum. 
The result of these experiments was that the rate of decrease 
for the same velocity varied approximately proportional to 
the density of the matter traversed; the elements of higher 
atomic weight seemed, however, to absorb a little less per 
same weight per cm.?. These results are in conformity with 
what we should expect according to the theory. 

Wilson found that the results of his experiments on the 
decrease of velocity of very hard §-rays in aluminium was in 
better conformity with an equation of the form E,—H,=ca, 
where E is the energy of the §-particle, than with the 
equation (4). This is, however, just what was to be ex- 
pected according to the theory. For, on account of the very 
rapid increase of the @-pariicle with its velocity, when near 
to the velocity of light, the variation in V? is for such velo- 
cities small compared with the variation in the energy of the 
particle. By considering the equation (3) on p. 19, we con- 
sequently get that, the relation between the energy of the 
particle and the thickness of matter traversed for the velocities 


* W. Wilson, Proc. Roy. Soc. A. Ixxxiv. p. 141 (1910). 
t O. v. Baeyer, Physikalische Zeitschrift, xiii. p.485 (1912). 
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in question takes the same form as the one found by Wilson. 
From Wilson’s Table IL. (loc. cit. p. 147) we get 


di. 
dx 


From the equation (3) on p. 19, we get for this velocity, and 
using the same values for vr and & log ns as above, 


di, 
dx 


a value which is in satisfactory agreement with Wilson’s value. 
The better agreement between theory and experiments for 
fast ®8-rays than for slower ones and for cathode rays is 
probably connected with the simpler experimental conditions 
for the fast rays, for the latter keep their original uniformity | 
in velocity to a much higher degree in passing through 
matter than is the case for the slower rays. 


for V=2'8. 10%, EAB) i diese: 


as 0 © 


Conclusions. 


In this paper the theory of the decrease of velocity of 
moving electrified particles in passing through matter is 
given in a form, such that the rate of the decrease in the 
velocity depends on the frequency of vibration of the electrons 
in the atoms of the absorbing material. 

It is shown that the absorption of a-rays in the iehtest 
elements can be calculated from the information about the 
number and frequencies of the electrons in the atoms which. 
we get from the theory of dispersion, and that the values are 
in good agreement with experiment. Jor elements of higher 
atomic weight, it is shown that the number and frequencies 
of the electrons which we must assume, according to the 
theory, in order to explain the absorption of a-rays are of 
the order of magnitude to be expected. 

It is further shown that the theory can account for the 
form of the relations between the velocity of the rays and 
the thickness of matter traversed, found by experiments with 
cathode- and @-rays. The absolute agreement as to the 
magnitude of the constants entering in the relations in 
question, 1s very good for the fastest @-rays, but not so good 
for slower A-rays and for cathode rays; a fact which may 
be due to the very difficult experimental conditions for these 
latter rays. 


Adopting Prof. Rutherford’s theory of the constitution of 
atoms, it seems that it can be concluded with great certainty, 
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from the absorption of «-rays, that a hydrogen atom contains 
only 1 electron outside the peeitvely charged nucleus, and 
that a helium atom only contains 2 electrons outside the 
nucleus ; the latter was necessarily to be expected from 
Rutherford’s theory. 

These questions and some further information about the 
constitution of atoms which may be got from experiments on 
the absorption of a-rays, will be discussed in more detail in 
a later paper. 


I wish to express my sincere thanks to Prof. Rutherford 
for the kind interest he has taken in this work, and for the 
helpful advice he has given me. 

Physical Laboratories, 


The University, Manchester, 
August 1912. 
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III. On the Application of the Theory of Chemical Potential V 
to the Thermodynamical Theory of Solutions. By 8. A. 
_ Suorter, B.Sc., Assistant Lecturer in Physics in the Uni- 
versity of Leeds.—Part III. The Action of Gravity on a 
W Solution. The Solute Potential. Extension of the Theory*. 


* the parts of the present communication dealing with 
the action of gravity on a solution, and with the “solute 
potential, the following new symbols will be used :— 


G, the potential of gravity (defined so as to increase 
‘downwards) ; 


Wi(p, @), the chemical potential of the solid solute ; 
S0(s, 2, 8) = LAs, p, 8) 


Si(s, p, 0) =2 Als DLOy; 


Ps OSL Als, p. 8) 
Ai(s, p, 8) =Wi(p, 9)—Ails ps 8) 5 
l,(s, p, @) the heat of solution, 


The new symbols used in the last section will be defined as 
they occur in the text. 


* Communicated by the Author. 
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The Action of Gravity on a Solution. 


In his well-known work “ On the Equilibrium of Hetero- 
geneous Substances,” Gibbs* deals with the problem of the 
effect of gravity on a system containing any number of 
components, and establishes the following general theorem :— 

‘“ When a fluid mass ts in equilibrium under the influence of 
gravity, and has the same independently variable components 
throughout, the intrinsic potentials + for the several components 
are constant in any given level, and diminish uniformly as the 
height increases, the difference of the values of the intrinsic 
potentials for any component at two different levels being equal 
to the work done by the force of gravity when a unit of matter 
falis from the higher to the lower level.” 

We will first deduce by means of this theorem an ex- 
pression for the concentration gradient in a binary fluid 
mixture. Afterwards we will give an elementary proof of 
the theorem in the case of a system containing two com- 
ponents. Suppose that at a certain point in a solution the 
gravitational potential is G, and the concentration, pressure, 
and temperature are s, p, and @ respectively. Suppose that 
at another point where the gravitational potential is G+dG, 
the concentration and pressure are s+ds and p+dp respec- 
tively. Then, according to the above theorem, we have 


So(stds, p+dp, 0)—fi(s, p, 0)=dG, . . (1) 
and 


fi(stds, pt+dp, 0) —f,ls, p, O=dG. 2 ae 


We will call these equations, which express Gibbs’s theorem 
mathematically, the “Gibbs equations.” They may be 
written in the form 


So(s, p, O)ds+ Ps, p, 0)dp=dG. as anes 
S.i(s, p, O)ds+Py(s, p, \dp=dG.. . . (4) 
Now So+s8,;=0, 


Po+sP,= (1+) v(s, p, @), 
so that we have 
u(s, p, Ddp=dG,.. >.) 4. Se 


which is the ordinary equation of hydrostatic equilibrium. 


* Collected Works, vol. i. p. 144. 
+ J. e. chemical potentials. 
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Eliminating dp between equations (3) and (5) we obtain the 


equation ue 
s(1l+s 
ds os, pO D, 6) ae v(s, DP 0) (6) 
dG Daisy p, 0) Be en ne 


This equation is due to Duhem *, who deduced it from first 
principles. It has also been established as an approximate 
result by Vegard{. It may be regarded as the fundamental 
equation for the effect of gravity on a binary mixture. 

This equation may be established in the following elemen- 
tary manner in the case of a solution of an involatile solute. 
Suppose that the solution is separated from the solvent 
vapour by a vertical partition pierced by a number of 
horizontal capillary channels whose walls are not wetted by 
the liquid. Suppose that one of the channels is at a level 
where the gravitational potential, concentration, pressure in 
the solution, and vapour-pressure are G, s, p, and P respec- 
tively. The equilibrium equation is 


JoCs, Pp, @)=E (CP?) 
Suppose that there is another channel at a level where the 
above quantities are respectively G+dG, s+ds, p+dp, and 
P+dP. The equilibrium equation is 


A(s tds, p+dp, @)=F)(P+dP, 6). 
Hence we have 
So(s, p, A)ds+ Pols, p, A)dp=V(P, 0)dP. 
Now the equation of hydrostatic equilibrium of the vapour is 


V(P, 6)dP=dG, 
so that we have 
So(s, p, @)ds+Po(s, p, A)\dp=dG. 

This is one of the Gibbs equations. The remaining Gibbs 
equation and equation (6) may readily be deduced from this 
equation and the equation of hydrostatic equilibrium of the 
solution. 

Devices similar to the above have been extensively used 
for establishing in an elementary manner various relations. 

* Journal de Physique, 2¢ série, vii. 1888, p. 391. This paper contains, 
in a note at the end, a proof of equation (9) of Part I. of the present 
work (connecting the vaponr pressures of two solutions with the pressures 
under which they coexist in osmotic equilibrium). This important 
result seems to have been overlooked by subsequent writers. The method 
of proof adopted in the present work is rather simpler than that adopted 
by Duhem. 

+ Phil. Mag, vol. xiii. p. 589, May 1907. 
Phil. Mag. 8. 6. Vol. 25. No. 145. Jan, 1913. D 
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It is interesting to note the connexion between such methods 
of proof and the more general method of Gibbs. In the 
case of a system containing only one component, Gibbs’s 
general theorem gives a single equation which is the ordinary 
equation of hydrostatic equilibrium. By the above device 
we are able to deduce immediately the Gibbs equation for 
the solvent in the solution by means of the coexisting column 
of solvent vapour. The remaining Gibbs equation is de- 
ducible in the manner stated above. We could have obtained 
the same result by supposing the solution to be separated 
from the pure liquid solvent by a membrane permeable to 
the solvent only *. 

In order to obtain formule for the practical calculation of 
the concentration gradient we must express the quantity 
So(s, p, 8) in terms of quantities which may be measured 
experimentally. This may be done in three ways—in terms 
of experimental data relating to (1) equilibrium between the 
solution and solvent vapour, (2) osmotic equilibrium between 
the solution and the liquid solvent, (3) equilibrium between 
the solution and the solid soivent. The three expressions 
thus obtained are of considerable importance in the generai 
theory of solutions. In the next section we will merely 
obtain these expressions without actually performing the 
substitution in equation (6). The expressions for the con- 
centration gradient are hardly of such importance as to 
justify writing them out in full. 


Expressions for the Practical Calculation of the 
Concentration Derivative of the Solvent Potential. 


In Part II. of the present work three expressions were 
deduced for the solvent potential lowering. Since 


So(s, Pp, =— © Ads, P; 9), 


the three expressions for the concentration derivative of the 
solvent potential may be obtained from the corresponding 
expressions for the solvent potential lowering by differentiation 
with respect to the concentration fF. 


* This method is open to the objection that if the pressure in the 
solution is low, equilibrium may not be possible unless the pure solvent 
is capable of existing in a state of tension. 

+ It will be noticed that none of the three expressions for the solvent 

otential lowering is of the most general nature possible. Equations (15) 
and (16) of Part II. give the value of A, corresponding to the temperature 
at which the experimental measurements are made, and any pressure, 
while equation (17) gives the value corresponding to the experimental 
pressure and any temperature. Expressions for the value of A, at any 
temperature and any pressure are easily obtained by means of equations 
(12) and (14) of Part II. 


of Chemical Potential to the Theory of Solutions. 35 


_ Equation (16) of Part II., which gives the value of the 
solvent potential lowering in terms of vapour-pressure data, 
may be written in the form * 


II, P P 
A,(s, p, 8) =f V(x, 0)dx =). Po(s, 2, 0) dz ff v(0, x, 0) da. 
(7) 


Hence we have 
ot be Od 
So(s, p, 0) ={ VI, 6) — Po(s, IT, Bas a ! 5, Pols, x, O)dx. 
If we substitute this value in equation (6) we obtain 
Duhem’s f expression for the concentration gradient. 
Equation (15) of Part II., which gives the value of the 


solvent potential lowering in terms of osmotic pressure data, 
may be written in the form 


Pot QXKs, Po» @) P 


Agen, 7) | Pg Ss ane ae + Pie a ee, on SCS) 
«Pp Po 
Hence we have t 
3 ee 
So(s, P> 0) va his Po(s, Po + QO, @) Os 2890, 0) ak ( Os P((s, 2,0)dz, 
ep 
; ie ed 2) 


If we substitute this: value in equation (6) we obtain an 
expression for the concentration gradient in terms of osmotic 
pressure data. If in this expression we make p=p)+Q, we 
obtain the expression given by Berkeley and Burton§. As 
these writers point out,a differential coetiicient of the osmotic 
pressure with respect to the concentration may be measured 
experimentally even when the pressure on the solution is so 
low that equilibrium with the pure solvent is experimentaily 


* This equation applies only to a solution of an involatile solute. 
The more complicated problem of expressing the solvent potential 
lowering in terms of experimental data relating to the equilibrium 
between a solution of a volatile solute and the vapour phase, will be 
considered in a later communication. 

+ Loe. cit. 

t This expression and the preceding one may readily be cbtained by 
differentiating the respective equilibrium equations with respect to the 
concentration. The values of 8, thus obtained will not correspond to 
the pressure p. It will be readily seen that the first terms in the above 
two expressions are the values derived from the equilibrium equations, 
and the second terms the pressure corrections. 

§ Phil. Mag. vol. xvii. p. 598, April 1909. 

iy.2 
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impossible. From the point of view of the present method 
of treatment of the subject, this may be explained in the 
following way. Suppose that a solution cf concentration s 
under a pressure 7 is found to be in osmotic equilibrium with 
a solution of concentration s+6s under a pressure p+ 6p. 
By taking various values of the increment 6s, it is possible 
to estimate the value of 


Bie 2. 
5e=0 Os 
and since 
Sols P; 8) =fo(s+ és, (Doe Op, 0), 
we have 


No(s, Ps 0) = —Po(s, p, 6) Lt oe 


RgOst 


If p is a sufficiently large pressure, then it will be possible 
to find a pressure » such that 


Jos; P; ) =o 0, Pos 0), 


in which case 


opto 
fa a = ae Po: 0). 


If we differentiate equation (17) of Part II. with respect 
to the concentration, we obtain the following expression for 
So(s, p, @) in terms of freezing-point data : 


0 oT T, "8, 
SP, )= me So [In b66s 2580) ravi thdr+ | "W(s,p, ar} 


g-T 6 6 (%9 0 
2° 55 06: Ps 9) = i i 55 (0 (5 Ps nar { 2 ly! (s,p, T)dr 


(123, 
ar aan ae (spider 1 


If we suppose the specific heats involved in the above ex- 
pression to be independent of the temperature, the equation 
reduces to the simpler form 


6 oT 
So(s, Ps @) = pa g [Lo = Lo(s; ps 8) —(Lo—T) ya + (Ao —T lo] 


g—T fo) Wee oN eh G,(8 —T) @ 
tr ral vee lo(s, Pp, 9) 0s E Tis RNG Plog a (12) 


of Chenucal Potential to the Theory of Solutions. 37 
The Chemical Potential of the Solute. 


Hitherto we have considered the variation of the chemical 
potential of the solvent only. The chemical potential of the 
solute is connected with that of the solvent by the equation 


2 Fils P> 0) +r 5 2 Ais, Ps Q) =(). 


Hence if s,; and s, are two values of the concentration we 
have 


Sata. 
AiGa P, YA p= = a fils, p, O)ds 


Su(S1, Ps 9) 
eS BD). a3) 


J0(S29 Ps 9) 


Hence if the value of 7, (s, p, @), to an undetermined constant, 
be calculated from experimental data, the value of j4(s, p, @), 
to an undetermined constant, may be calculated by a simple 
quadrature. 

The solute potential is involved directly in the equilibrium 
between the solution and the solid solvent. The saturation 
concentration s is determined as a function of the tempera- 
ture and pressure by the equation 


Sls, Ps 9) =Yi(p, 4). 
‘Hence we have 


Ai(s, p, I=fi(s, p» 9) —A(s, p, 9). 


If the experimental data giving the value, to an arbitrary 
constant, of the solvent potential, extend to the saturation 
concentration, the value of the solute potential lowering may 
be calculated by means of the equation 


ye 9) 6 
Mfc, ga) 0) POOR. 6. (18 
So(S: Ps 9) 


The heat of solution is connected with the solute potential 
lowering by the equation * 


: 8 {Gs Ps oO (s, nie? pd) 


* Duhem, La Mécanique Chimique, vol. ili. p. 138. 
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Latension of the Theory to Solutions containing any 
number of Involatile Solutes *. 


Most of the formule established in the previous parts of 
the present work may readily be generalized so as to apply 
to solutions containing any number of involatile solutes. 
Consider a solution containing a mass Mo of a solvent So, 
and masses M,, M,,..., M, of the involatile solutes 
Si, Se, +e, Sn respectively. The total thermodynamical 
potential of the solution may be written in the form 


D=/,(s1, S25 ++ 9 Sn, ps 0)M, oF = ACE Soy +++ 9 Say Ps 0)M, 
Jat 
M; 


where S= ay 
0 


The quantities fy, fi,..-, fr ave, of course, the chemical 
potentials of the components of the solution. 
Now 
cee 
op. 
where v(s1, Sg, ..., Sn) Pp, 9) is the specific volume of the 
solution. From this equation we can readily deduce the 


(M)+M, see + Mn)v(s,, S29 +229 Sug P> 0), 


relation 
Po(s1, $95 20 5 Sny P> = vs So, -- 7 Sn, Pp, 0) 
—(l+s,+ ... +5s,) 5 ce: _» - as 
4=1 Os; 
where 


Po(s1, £25 ++ 9 Sny Ps 0) =oh. 


If we use a notation for the mean value of Py between two 
values of the pressure similar to that adopted previously, we 
have, in the case of a slightly compressible liquid, 


Po(s1, S95 --%5 Sny PiPP25 0) == 5 (Si; S95... Sie wD, 0) {1a (Efe — =) 
where 2 is related to the compressibility 8 by the equation 


U( Sto. Say te Sheena) SZ ae 


Po(s1, S25 0 Sny By, 0) 41 Os; 


(16) 


A=B-—(14+s,+ nel + &n) 


* The formule relating simply to osmotic equilibrium and to equili- 
brium between the solution and the solid solvent also apply, of course, 
to solutions of volatile solutes. 
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If the pure solvent under a pressure pp is in osmotic equi- 
librium with the solution under a pressure p, we have 


ro (Pos 0) == p\Sis S25 009 Sry Ps 0), 


where wv is the chemical potential of the pure solvent*. If 
we write 


P—Po=A(s1, S25 «++ » Sas Pos 8), 
Wo( Pos 0) =fols1, S25 ++ 9 Sry Ports Oo; 0) a 


The effect of variation of the pure solvent pressure on the 
osmotic pressure is given by the equation 


we have 


im fe) u (Pos 0) 
O 9 a o | ny > 6 = ONE Pe 2, pean 1p 17 


where v (po, 9) is the specific volume of the pure solvent. 
If we write 


Ao (Sis S29 +++ » Sn %, A) =Wo(x, 8) —fo(S1, S29 ++ Sry X, 0), 


we have 


Ad(s1, So, +005 Sny Po 0) — O(s1, So, --+ 9 Sny Po 7) Po(s15 S29. 009 Sn Po>P> 0). 


cp eee 


If the pure solvent is in equilibrium with the solvent 
_ vapour under a pressure IT) we have 


Wo (Ho, 0) =Fy(Uo, 0). 


If the solution is in equilibrium with the solvent vapour 
under a pressure II we have 


SoS $2) +++ 9 Sny Il, Gy =ab CEL, Q). 


Hence we have 
lie 
sole ect Caen es { V (2, 0)de 
II 


Dias (II)— RE sr Soy +++ 9 Sid 20h 0). (19) 


If the pure solvent is in equilibrium with the solid solvent 
at a temperature Ty, we have 


Wo( p; To)=do(p, To). 


~ * The symbol f,(0,0,..., 0, 7, ) is rather unwieldy. 
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If the solution is in equilibrium with the solid solvent at a 
temperature T, we have 


Tol si; S25 +265 Sig Ps T) = do(P, T). 


Hence we have 
ls 
AG (SG) Sos ee Se ( T(p, 0)d@. 
aE 


The value of the integral in terms of experimental data has 
been found in Part II. Substituting this value in the above 
equation we obtain the result 


‘ T, T, 
Ao(s1, S25 ++ i 9 Sry Ps J) re eon = -{ yal; T) aT ai a ( yalP,7) dt. 
Ab vt 


ir, T 
(20) 
Duhem’s expression for the heat of dilution 
10 (815 $2)... Sny YP 9) may be written in the form * 


fo) J Als SQ5 +++ 9 Sny Ps \ es lo(s, S95. di Sng —P> @) d (21) 
OO- G* 


6 


Hence if @, and @) are any two temperatures, we have 


Ao (S15 Soy --- 9 Sn Ps 0.) ta Ao (s1, S25 +++ 5 Sry Ps 0,) slits 0, lo(s4, S95 --+ 5 Sny Ps 0) dé 
0, Oy 9 0 ¢ 


We can obtain a formula involving the value of the heat of 
dilution at one temperature only, by making use of the 
relation T 


lo'( 81, $95 +++ 5 Sny Ps 0) =rYo(p, 0) —y(s1 SQ, --63 Si» P» 0) 


Galen, ey ee es 
t= Os; 


We will not write this formula out, as the necessary altera- 
tions in equations (12) of Part II. are obvious, as are also 
the alterations in equations (15), (16), and (17) of Part I. 
necessary to make them applicable to a solution containing 
any number of solutes. 


* La Mécanique Chinwque, vol. iii. p.49. Duhem establishes the formula 
by the aid of a general theorem relating to the heat evolved in any 
change of a system, but the formula is easily proved from first principles. 

+ This relation may be proved by equating the total heat evolved 
when an infinitesimal mass of the solvent is added to the solution, and 
the solution then heated from 6 to 6486, to the heat evolved when the 
ceeneean and solvent are heated separately from @ to +60, and then 
mixed. 
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The pressures under which two solutions of different con- 
centrations coexist in osmotic equilibrium are connected with 
the vapour pressures of the two solutions by the equation 

Tr’ 
Via, O)da=(p—I1)Po(s, S2, ... 5 82, Lp, 0) 


ell 
—(p! — ID’) Posy’, 84’, ... 5 Sn’, Il'>p’, 8), (24) 


where, as in equation (9) of Part I., quantities relating to 
one of the solutions are distinguished by accents from the 
corresponding quantities relating to the other solution. 
Since any of the concentrations may have the value zero, 
this equation is applicable to two solutions in the same solvent 
of two totally distinct sets of solutes. 

The theory of the coexistence of solution and solvent 
vapour under different pressures is easily generalized. The 
necessary alterations in equations (2) and (4) of Part II., 
and in the theorem following this latter equation, are 
obvious. . 

It will be seen that the extension of the theory to solutions 
containing any number of involatile solutes is very simple. 
The extension may be made more simply still, however, by 
means of an important principle in the theory of chemical 
potential. This principle is that the choice of the components 
of a system may be made quite arbitrarily so long as every 
possible variation in the composition of any part of the system 
may be specified by variations of the masses of the com- 
ponents chosen *. Thus in the case of a solution containing 
two actual substances Sp and §,, we may choose any imaginary 
compound of S, and 8, in sufficient amount to use up the 
whole of So (or 8,) as one of the components, and the 
additional amount (positive or negative) of 8, (or So) as the 
other component. If we choose a compound containing a 
mass r of 8; per unit mass of Sj, then a solution containing 
masses My of So and M, of 8, may be regarded as containing 
either masses M,(1+7) of the compound and M,—rMp of 


S,, or masses MA(1 a= =) of the compound and My— - M, 
of Sar j ; 

In the case of a solution of n solutes 8,, S.,...8, we can 
choose an imaginary compound § consisting of all the solutes 
in a certain proportion, making the amount of the compound 
sufficient to use up the whole of any one solute. The com- 
position of any solution may be specified by the masses, per 
unit mass of solvent, of this compound and of the remaining 
{n—1) solutes. The masses of the solutes may, of course, 

* Gibbs, Collected Works, vol, i. p. 63. 
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be negative. In general this choice of an imaginary com- 
pound as one of the components of the system does not result 
in any simplification. In the case of the three two-phase 
systems we have been considering, however, we can make a 
great simplification in this way. ‘This is due to the fact that 
in these systems, the only possible virtual modification is the 
passage of a certain mass of the solvent from one part of 
the system to the other. Now this modification does not 
change the relative proportions of the various solutes, so that 
if we choose for the compound § a mixture of §,,8.,... Sz 
in the proportions in which they exist in one particular state 
of the system, so as to make the concentrations of the re- 
maining (2n—1) solutes zero in that state, these concentrations 
will remain zero throughout all modifications of the system. 
Hence the formule we have obtained for a binary system 
will apply to a solution containing any number of involatile 
solutes. 

Many of these formule involve differentiation with respect 
to the concentration. We must, therefore, find out what is 
meant by differentiation with respect to the concentration of 
the imaginary compound. Tha concentration s of the com- 
pound is related to the concentrations of the separate solutes 
by the equation 

S=Sy +Sot+ ... +5u. 


In order to obtain a solution of concentration s+ 6s it is 
necessary to increase the concentrations of 81, so, ..., Sn by 
the respective amounts 


Hence if V be any function of the composition of the solution 
we have 


Ss Oy. =* C= OV 
ov = 8s; 
= Os Sj aus Os? 


so that 


(+5) 9° = (L+s,+ ... +58) Bee 


If we compare the equations giving the value of Po, d, and 
lo’ for a binary solution with the corresponding equations in 
the present section, we see that this simple method of 
generalizing the equations leads to results in agreement with 
those obtained previously. 


The University, Leeds, 
Sept. 3, 1912. 
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§ 1. IyrrRoDucTIoON. 


| ee unrest of our time has invaded even the world of 

Physics, where scarcely one of the principles long 
accepted as fundamental passes unchailenged by all. The 
spirit of revolution is seen at its boldest in the theory of 
radiation. It is not only that Hinstein’s idea of the quantum 
is destructive of the continuous medium and all that was 
built upon it in the nineteenth century. His form of atomism 
excludes what has been fundamental in Physical science, the 
ideal of mechanical explanation. Mechanism tries to resolve 
into motion every form of change; matter is to be simply 
what moves and the laws of its motion are the whole of 
Physics. But the behaviour of Hinstein’s quanta is strictly 
analogous to a chemical process. It is governed by laws of 
change which are not laws of motion. We have always 
been used to think of the past and the present states of the 
material universe as joined with no gap between. Linstein, 
on the contrary, requires us to allow a sudden break from 
one to the other. The changes of which he speaks are not 
motions, they need no longer be even continuous. 

This paper is an attempt to save the classical view of 
radiation as a continuous wave motion. If that can be 
done, it seems to me a small thing to sacrifice the ordinary 
mechanical notions of matter. Indeed, I am convinced that 
some such idea as that of Hinstein’s quantum is necessary to 
explain its most elementary properties. Jt need be no 
obscure inference from the laws of radiation. The various 
forms of matter are in no continuous series; the gaps between 
may be crossed perhaps in a radioactive transformation, but 
they are not occupied. Matter is stamped in a few definite 
moulds, and always retains their impress. It is hard to 
imagine how continuous laws of motion can lead to such 
results. And the theory of relativity increases the difficulty, 


* Communicated by the Author. 
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for it denies the possibility of rigid bodies anywhere. Iam 
prepared, therefore, to accept Einstein’s atomism for matter 
but not tor radiation. The hypothesis that radiation is a 
continuous wave motion appears to me indispensable. It 
penetrates and simplifies the complexity of observed fact so 
profoundly that a rival version seems almost impossible. 

The methods of this paper are at once more simple and 
more general than those given in Phil. Mag. July 1911 and 
April "1912. I assume the ordinary undulatory theory of 
ete but I do not assume the formuls of classical dynamics. 
The laws of motion of matter are not deduced from the 
principle of least action, they need not even be laws of 
continuous motion atall. A mathematical theory of emission 
and absorption complete radiation and refraction, in fact of 
the whole process of interaction between radiation and material 
systems, can be reached without these restrictions. But some 
‘at least of the variables specifying the state of matter must 
have a continuous range; that is required by conservation 
of energy and the continuous theory of radiation. 


§ 2. SravistrcaL THEORY. 
The material system is exposed to radiation in a space 
bounded by walls which prevent its escape. Jor any wave- 


length 27," I suppose that there exists a differential 
equation of the form 


a ay 2 
C dt + Kin %m = bi e ° . ° . (1) 


(=n, 2, 4.41) 


Here ¢ is the velocity of light, and $m is defined by the 
material state at the time ¢ The variables ams &¢., fix the 
state of the field of radiation. By increasing the space 
enclosed «, can ‘be made simple harmonic for as many 
periods as we please. 


lam ; 
cm = (am) 9COS (CK nt —exnte) + (Fe St) (CKn) 181 (CK&,t—CKmto). 
(ao and (“ - denote values at time t. (2) holds so 
0 


long as t—ty 1s sufficiently small. 

Where Lorentz’s electromagnetic theory is assumed I 
have shown (Phil. Mag. April 1912) how e,, and ¢,, are to 
be determined. The variables defining the state of the 
material system I denote by «j, «2, &e., v,. These have all 
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a continuous though not necessarily an unrestricted range 
of variation. If discontinuous changes are admitted we 
must suppose them to involve a transformation in the nature 
of these variables. The values of the new and the old must 
be connected by equations sufficient to determine the one 
when the others are given. 

I write dN for the probability of a material state in which 
@ Lg... &, have values lying within the infinitesimal intervals 
A, APs... Ans 

AM o Vd ar). t 3° 
nV dae, day). ii da), @) 

Let a material system change from the time ¢, to the time 
t, whether continuously or not. 


I CEN i he cht ae Ke ee ey 
where the suffixes denote the values of dN at t, and at 4. 
‘Then the most general solution of (3) and (4) is given by (5) 
ee i OR he PNG 


where p is any particular solution and h is an arbitrary 
constant. The statistical method leads to (5) even for laws. 
of change so general as those here assumed. J is the total 
energy, and it is taken for granted that the only quantities 
invariant throughout all change are functions of HZ. 

Since p’ and p are both solutions of (3) and (4), 


(p'/p )o=(p'/P)is 


p'/o is therefore an invariant, and 
pox f Ca). es Ps ee a ae (6) 


The essential postulate of the statistical method is that for 
the purposes of the theory of heat any finite body can be 
divided into finite physically independent parts. Call these 
parts A and B, 


dN = (dN), x (dN)sz. 
By (6) dN ,=f (Hs)padVa, UNz=f (As) psdVs, 
aN==) (Ha); (ip \paond VadVes. . 2 CEP 
Now (padV s)o= (padV a), 
(ppd Vp)o= (ppd Vz). 
Hence (papsd V dV p)o= (papad Vad Vz). 
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It follows that pappdVadVz is a particular value of dN in 
(3) and (4), and since (7) gives the general solution 


J (Ha) xf (43) 


is by (6) a function of 4+ Hg, the total energy, 
Hence f (/Z) varies as e~*“, and we have the result (5). 


§ 3. INTERACTION OF MarreR AND RADIATION. 


The motion of the material system and the distribution 
represented by (5) are disturbed by the presence of radiation. 
At any instant the actual values 2,+62,, &c. of the co- 
ordinates differ slightly from 2, x,... a, the coordinates in 
what I shall call the undisturbed motion. The increments 
dz, &c., are due to the radiation, and are small quantities 
(see Phil. Mag. July 1911, p. 69). Their average values 
are calculated directly by allowing material systems distri- 
buted according to (5) to move for a sufficient time in the 
presence of radiation. The full effect of that radiation will 
be reached after a period described in kinetic theory as the 
time of a free path. Only the deviation arising within 
this very short interval is correlated with the disturbing 
forces at any instant. It is the source of absorption and 
refraction. 

Let @ be any function of a, wv... a, and o¢ the increment 
in @ due to the increments 621, 6x2, &c., in the values of 
X1, Ug... an Then the average value of é¢ is 


{ Bean. Oe, 


For start al time ¢) with a distribution such that the fre- 
quency dN, of systems lying in the n’ple volume element 
dV is given by 

dNy=poe "20 dV. 


Let these systems move disturbed by radiation till time ¢. 
Then the average value of 6¢ at this time is 


N 
( SbdNo. 
‘But in the undisturbed motion 


NHN ost. a 


(8) follows, and it is to be remembered that the integrations 
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involved in dN are extended over the range of the variables 
2}, V2, &c. in the undisturbed motion. 


df= 2s OL, (+= ae n), 
r= a 


and 62,, &c. are functions of (2), &c. and of the time 
which appears explicitly in the expressions of the disturbing 
forces given in (2)s 

bx1, 622, &e. can therefore also be expressed as functions 
Of 21, 2... Xp, Ke. and t. It is evident that 


J S$dN=5\ pdN—J PSN). . . . (10) 


(10) is true whether or no the motion is continuous. 

The disturbing radiation may precipitate a transformation 
of the variables. Then 6(dN) involves a finite change in 
#4, 2, &e., but only an infinitesimal change in dN itself. 

In the ordinary mechanical systems 


Eee Ge EMC. iy! ana CEB) 


The variabies are here coordinates of position and momenta. 
The presence of radiation does not affect the range of values 
they can assume. Hence (11), since ¢ is a definite function 
of the variables and the limits of integration are not dis- 
turbed. I shall throughout use the result (11). It is thus 
assumed that if there are discontinuous changes they are 
governed by conditions not directly dependent on the 
presence of radiation. For example, they may take place 
when the velocities or coordinates reach certain given values. 
(10) now becomes 


POtaN = = NbN, ny cc yon 2 (12) 


and this result is in the present state of our knowledge no 
less general than (10) itself. For dN still contains the 
arbitrary function p, which reduces to a constant only in 
the classical dynamics. 

An important consequence follows at once from (12). 
The average value of 8¢ is zero if §(dN) =0. 

If the disturbing forces leave unaltered the canonical dis- 
tribution in phase, fo use Willard Gibbs’s term, they produce 
no observable effects at all. It is so with magnetic force in 
the ordinary theory. Niels Bohr has pointed out * that 
5(dN)=0 when the only disturbing force is due to a steady 


* Studier over Metallernes Elektrontheort, p. 106. 
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magnetic field *. There can, therefore, be no kinetic theory 
of induced magnetization. This is one. more argument. 
against the ultimate validity of ordinary mechanics. 


SN) SUNG) 2). lee 


The suffixes denote the actual values of dN at times ¢ and 0 
in the motion as disturbed. Remembering (9) the right- 
hand side of (13) is seen to be the difference in value of dN 
due to the disturbance. From (13) 


t 
aN) =| F@Nd.. . ie 
to 
The quantity 
d 
“ (dN) 


is zero in the undisturbed motion 


a, i a ad eo 


or ad 


« (dN)= 32 4 14, te) gy 4c GN, ii ele 


dt 

In (15) the Nesieiach side is zero when the motion is not 

affected by radiation, but if the equalions of motion are 
: ‘ é ; 2 dz 

given it can be expressed as a linear function of ams TE? Xe., 

which are functions of the time, and of 2, a, &. These 

equations of motion are taken to be 


mc dam 


ae 
< == (op Wake Ein) + 2 WE: om enim (16) 


da é ; 
The terms in e, and = must of necessity be linear if 


the absorption is to be proportional as in fact it is to the 
intensity of radiation. y’@m) and ym) are functions of 


X15 V9, eee Une i dH 
The rate of increase of the material energy ag i given 


by 
| dl lls = d A day 
Tae: ig Tole Bae. ‘dt. 


* See also W. Voigt, Ann. d. Physs ix. p. 115 (1902). 
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When «, is for all values of m zero, H is constant, so that 


T= dH 


eT M 
and AH m=o da» = dH ; 
dt sy m1 dt (= Airy x if 


M=a r=7 | H 
=e > an( " Xrm)s eee (17) 


m1 10a, 
The ethereal energy is 


pee) I, =) lease 
eR, 92 dt 2 mn 


The rate of increase of the ethereal energy is by (1) 


moo dam | 


= Pm dt : : : : : co) 

By adding (17) and (18) we have the total rate of increase 
of the purely material and the purely ethereal energy. The 
total energy, since there is conservation, must be expressible 
in the form | 


eae Nf Me Ls ‘ 
H4- PF 2-2 ea a 3 erm + Wrma&m \ . ° (19) 


And on making the total rate of change vanish, 


ron dT, 
Res! da, X om) + Pm + Vn =0. Bek eas (20) 
ran dH dibs. 


au ditty X(7, m) + Taet xs (), > ° ° . . (21) 


d 


or ran dH Vn p . 
we f=0.. . . . (22) 


2 daty Xr, 


Be 
r=1 

In passing from (21) to (22) I write 
dvr "3" On 


at r=1 di, te 


neglecting terms involving the «’s which are here small 
quantities compared with those retained. (20) and (22) are 
conditions necessary for the conservation of energy. 

Phil. Mag. 8. 6. Vol. 25. No. 145. Jan. 1813. H 


‘ 
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§ 4, Emission AND ABSORPTION. 
The rate of increase of the ethereal energy of wave-length 


dem 
Set ie nea cea (23) 


In a steady state this vanishes on the average, the emission 
balances the absorption. I calculate each directly, and by 
equating the results arrive at a formula for complete 
radiation. Le 

In calculating the absorption a is treated as a simple- 


—l] 43 
Coles Or, 


harmonic function of period 2(cx,,)~1. The absorption is 
due to the disturbance produced by the presence in (16) of 


the’terms involving #» and — The rate of absorption is 
thelaverage value of ‘ 
dd de», 
nr dt 9 
be ~ = feenany, 
or dam 


“hod 
ak uf glOat =. Syste (24) 


The rate of emission is found by treating @¢,, in (23) asa 
given function of the time and of the initial values of ay, 
-&o, &e. (1) may then be regarded as the equation of motion 
of a simple pendulum slightly disturbed. I have already 
shown that the average rate of emission is 


ial A) nf Pin COS (chm) de dN, ee (25) 
N 0 (é—€) 


€isa time taken large enough to ensure that in (23) dn(t—e) 
is included so long as it is correlated with ¢,,(t) (Phil. Mag. 
April 1912, p. 532, equation (72)). 

To calculate (24) use (15), (5), (16), retaining in the last 


i i da , 
only the terms which involve e,, and m since one 
. t at d eps 
are correlated in value with he 


Then (24) becomes - 


dom Rival 
ae nf dt dt dN, 


dem t ron 1 d dv, oO 
+ ap fon f” aa ae a aN. e . (26) 
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Now ee S cs) deem m= 
ae m= 2 Page es +55 = vm mn )= ao) 


since (19) is the expression for the total energy. In the 
i ae 
value of nie given by (27) only the terms involving @,, need 


be retained to be substituted in (26), and the rate of absorption 


reduces to 
nd ad 70 
pee EA? bu ( PD» = dt aN, 


a tet bn} “Ss (Win Cm) At dN, 


(" Tn 
ee nal bn | > Ld d (PX) dain 44 dN, 


DS yin da, dt 
4 dam — = 1 d 
, mM > 2 
et bu{ 3 ee p du, (PX;, mam dtdN. (28) 


The second term of (28) disappears since 
t t 
in : (Wr cm) dtdN= [Wom On | dN, 
t—€ 


and the average value of Oo X a, 1S Zero. 


nr 


Substitute in other terms the values of en an tn given 
by (2). (28) reduces to te 


"(G") ‘{¢ a ,, COs cKme dle dN, 
Ge 


+(G2) fof + te (px'',, m) cos cx,,€ de dN, 


ey (S*) “9 ba’ o = : =< ( (PX, m) Sin ck,e de dN. 
(29) 


The formula for complete radiation results by equating (29) 
to (25). The second and third terms in (29) vanish in the 
form of electromagnetic theory due to Lorentz. Here (16) 
become | 
-dpr dH d® d (3), dq dH _ _ (30) 


dt Tee 
ae La 


dt + dg, dqr dt 


EK 2 
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The variables 2, ....%, become the momenta p,... p, and 
the coordinates q, i. .q.. The number a is here even being 
2x. In (30) 


Ae ae Sa 
amet. co a 
and ca) a am Si Us @s. 
j—1 Sell 


@ is a linear function of the velocities, so that w,, is here a 
function of q 92 ... 9, only (see Phil. Mag. April 1912). 

Arranging the De variables with all the momenta first, it 
follows by comparing (16) and (30) that for values of from 
te K 


Xr, m) = Soom S © d@ rm ep ae ie dH ( as gel 
dr =i dqs s-1 dp, dgr dqs 


x! Cit) eee a @(r,m)« 


And for values of 7 from «+1 to n, 


Xr, i) te mm) — 0. 
Hence 
Wear 1 d Tee a 
me 1p dx (px’ m)=— Nata 2 ge mr 


p=1 and o,,, is not a function of the momenta. 


< Lea. ( ye ak a aan 72)= 
oad p dx» PXr,m a ee dqr Fe dq, = 


(29) reduces to the first term only. 


§ 5. Complete RapiaTion. 


In this case the formula for complete radiation becomes. 
by equating (29) and (25) 


LNG 0 Eee aan A Ke 
pale =a. 


This represents equipartition of the radiant energy. (31) is. 
equivalent to Rayleigh’s formula 


Fi=8anROn-* 5, « 


If p is not unity, that is if the laws of radiation are not. 
deduced from the principle of least action, the second and 
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third terms in (29) are not zero. There is no longer equi- 
partition of the radiation, but the further question now arises 
whether the distribution can be such asis at least empirically 
represented in Planck’s formula. Instead of (32), (29) leads 
to the formula 


ee ON PRD ENP 1 i eg (88) 
s Re 

D,,= din Pin(t—€) COS (cK n€)de dN, 
N a0 


or 


‘ee { Ve Wai@ Ucar a et 
0 


Te t= 1 eee 
aire p dxr 
= PXirm (CK) ~* sin CKn€} de dN, 


Pyy=0 (We MMU. 2... 8) 
0 


! Aivaea 
{px rm COS CKm€é 


Ba | 
Les —— al eS 


(33) suggests aformula of the same type as Planck’s. 
Let FO EC ED ila ain) Dy tem 436} 
ie ey = ai 002) Weenies © Ye 


So that f (AH) and F (XH) are functions only of the product 
of wave-length and energy. The ordinary mechanical 
theories in which radiation is explained as due to the acce- 
lerated motion of electrons, make 7(A//) contain some such 
factor as e~® 2, so that the function has an essential singu- 
larity and vanishes when H diminishes to zero. 

I assume that f(A/Z) and F (Af) both behave in this way 
for the zero value ot XH, and further that a series for F(A) 
exists such that 


F (AH) = yes SRE 8} 


Note that f(A) and all its differential coefficients vanish 
when \H vanishes. | 


WV, =r ) F (v1) e-2/®¢ dH, 
0 


— 0 S sp yze dn \ { (XH) e~2/R? d A. 
F n=00 a =|! 
KE, =87ROX 4 1 +nr0 = (—1) An (RO) Bellic (39) 
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A result similar to Planck’s can be obtained by putting 


aj=0, 
oe == Veeco 
Ey =87ROA~44 1 + AO (e—1)}-7, . (40) 
For large values of 1@ this gives 
Ey =S8a RO 41k)... 


For small values of )@ it gives 
Hin Sa Raye "(ki)". se ee 


Thus if we abandon the principle of least action a wave 
theory of radiation is at least a formal possibility. But 
nothing has been done to show what laws of motion lead to 
the results (36), (37), (38), or, indeed, that they are con- 
sistent with any continuous laws of motion whatever. 

Rayleigh’s formula for the complete radiation is inde- 
pendent of all particular properties of matter. It is enough 
if the laws of motion are deduced from the principle of least 
action. Once abandon that and various results can be reached 
inconsistent with each other and with the truth. But because 
an object can be imagined without logical contradiction it does 
not therefore exist. The distribution of energy depends only 
upon such properties of matter as are common to all forms 
which actually exist. It does not follow that these are found 
in matter as it is by us imagined. ‘This seems the only answer 
to the difficulties raised by Poincaré. The mechanical inter- 
change of energy leads to equipartition. But it is not shown 
that any such process exists, or at least that it alone exists in 
any actual species of matter. 


§ 6.. THEoRY oF A SimpLE WavE-TRAIN. 


The main object of this paper is to show that the effect of 
radiation on matter is calculable although the laws of motion 
may differ widely from those known to ordinary dynamics. 
The behaviour of a simple harmonic wave-train advancing 
through any material system is easily determined. 

The vector potential I, satisfies the equation 


YA alae? 7 
(Vv —| qa)Ei+ Are pu=0,> 5. 2 ee 
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As explained in my previous paper F, excludes all the 
irregular interatomic field. (43) gives 
(p?/c? +x? —n? + 2ink) F, +4rpuje=0. . « (44) 
Let dS represent an element of area parallel to the wave 
front, dz an element of length perpendicular to it. dzthough 
not infinitesimal is very small compared with the wave- 
length 
(p?/e? + k? —n? + 2ink) dS dz+ Amc“ \ pudsS dz=0. 
Or since we are concerned only with the disturbance due to 
the passage of the wave 
( p?/c? +k? —n? + 2ink) FydS dz+ Ame-16 { pu dS dz=0. (45) 
Evidently the average value of 6 pudS dz is propor- 
tional to dS dz. 
It may be shown by the methods of this article that (45) 
is equivalent to two equations of the form 
(p?/e? +k? —n? + 2ink) F; +0, F,+82,G,;=0 (46 
(p?/c? + k? —n? + Qink) G, + By P+ By_G,=0 J - ) 
I do not here consider further these results. 


§ 7. THEory or INDUCED MAGNETIZATION. 


I end by demonstrating the inadequacy of the classical 
dynamics to explain magnetic phenomena. Suppose the 
only disturbing force a steady magnetic field. Then 


dam , 
ae =f), Me TD Oy hE ET) 
nl ae Lc alye iain SOE 
It follows that © (dN)=— lye, by (30)... (49) 
di sa" do fd@ r=" AD dar 
a dagipttc: aha "ee ie Saleaoias 


s dd dqr dd du, 
=5 (869 "iw 2(i dt * du, =A 


oa °s ‘, (Suse "dur oe i exp. ae 
dd \ 


=n ) denotes the differential of @ with respect to the 
exp. 


time, in so far as that occurs explicitly. 


m=2 


(oD Fees s am gdm. 


m=1 
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iD 
B rela we 
J Ce ( dt /Jexp. ). 
Since ® is a linear function of the velocities 
r=k 
> is —O—(). 
pe ae, 


Hence oe) ad © (aN) = (0 by (49) and (50). 


Therefore as I have already argued, a steady magnetic 
field has no effect. The same argument does not hold for a 
steady electric field. For in arriving at the equations (30) 
electrostatic energy is supposed included in H. Its presence 
already determines the canonical distribution from which 
the motion starts. 


§ 8. CONCLUSIONS. 


To save the ‘“‘ether’’ it is necessary to give up the 
classical mechanics. This paper shows that the theory of 
radiation can proceed without using the principle of minimum 


action. A formula for the complete radiation naturally 
suggested is 


Ey = 8rROA~*{1 +.X8 (6% —1)} 74, 


k, and « are arbitrary constants. This gives a result similar 
to Rayleigh’s for large values of X@, a result similar to 
Wien’s for small values. | 


June 10, 1912. 
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/ 2 A a. Note on the Energetics of the Induction Balance. By 
» vouN P. Darron, M.A., B.Sc., Department of Physics, 
ss i Unitersity College, Dundee*. 


of we” § 1. [* the generalized induction balance in which each 
“\ arm contains resistance, inductance, and capacity: 
(i.) steady balance is conditioned by the usual Wheatstone 
relationship between the resistances; 
(il.) an approximate impulsive balance is given by zero 
integral extra-current in the galvanometer ; while 
(iii.) true impulsive balance necessitates zero extra-current 
in the galvanometer at any time. 


Heavisidef used his operational method to solve the case 


* Communicated by Professor Wm. Peddie, D.Sc., F.R.S.E. 
+ O. Heaviside, ‘Electrical Papers,’ ii. p. 280. 
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in which each arm consists of a coil and condenser in parallel. 
Slightly greater generality is obtained, however, and more 
practical methods are embraced in the general solution, if the 
condenser is shunted across part of the coil only. In that 
ease, if R and L denote the resistance and inductance 
respectively of the wholé coil, and 7 and / the corresponding 
values for that part shunting the condenser, then the voltage 
across the coil terminals is determined by 
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where 7 is the total current and q is the condenser charge at 
that particular moment. Elimination of q from (1) at once 
gives Z, the resistance operator (generalized resistance), for 
this case: : 


Fee DY SOD Gr ID) STE oY sy (2) 


where (© is the capacity of the condenser, and D is the time 
d 
dt" 
dition to be fulfilled for a first order balance is found to be 
Ry, — 7°C;) — R3(Lig — 7'9?C 2) = Ro( 3 —7°37C3) — Ry (Ly — 72Cy). 
| (3) 

All practical methods of measurement are so chosen that no 
second order effects occur; and hence, in such methods, true- 
balance is uniquely determined by satisfying condition (ii.), 
that is, the appropriate modification. of equation (3). But 
Heaviside’s method of functional operators, though rigorous 
and elegant, is not, asarule, appreciated by the ordinary 
student; and it is therefore desirable to have an alternative 
method of the same general applicability. The object of the 
present note is to show that simple energy considerations 
lead to an equation equivalent to (3), and that the result 
summarizes in a simple and convenient way the relationships 
existing between the circuit constants in the state of balance 
in all bridge methods of comparing inductances and capacities. 

§ 2. If, in equation (1), v is initially zero and eventually 


reaches a steady value V, then integration with respect to 
the time yields 


operator From the expansion of Z,Z,==Z,Z,, the con- 


{ HRjae=11-rQ, - Se ehTROw TES 


where ( and 1 are the final steady values of g and 2 
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respectively. This equation is equivalent to 
r (o—Rajdt=209—U), 
0 
or IP=ZiT—V), 2, «7: es 2 eee 


where U and T are the energies in the steady state, electric 
and magnetic respectively, and P is the total impulse, or 
generalized momentum generated in the circuit in the steady 
state. This result is here obtained for a specific circuit, but 
is much more generally applicable. 

Putting v=const.=EH, we obtain 
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a theorem, enunciated and proved by Heaviside * in most 
general terms, connecting the amounts of work performed by 
a cell of constant e.m.f. in establishing a given final distri- 
bution of current with, or without, the storing of energy in 
the field. 

§ 3. Now arrange a balance containing in each arm a coil 
in part shunting a condenser. Since no current traverses the 
-galvanometer in the state of balance, its resistance may be 
taken to be zero without any loss of generality. The 
extra current in one direction through the galvanometer is 
R LR while that in the opposite direction is ReaR? 
e is the impulsive e.m.f. generated in an arm; for the parts 
of the balance separated by the galvanometer are, in effect, 
independent of each other as far as internal actions are 
concerned. For balance these extra currents must be equal, 
or, on integration, the condition for zero integral extra- 
current becomes 


where 


ei hg) ae 
Ry+R, R,+R, ° 


whence, in conjunction with (6), 
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This energy equation also follows at once on applying 
equation (5) to each arm of the bridge in succession subject 


(8) 


* O, Heaviside, ‘ Electrical Papers,’ i. p. 464; ii. p. 861. 
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to the balancing conditions, 
Oy esi )e eaten) tix) (LO 
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In the generalized bridge it conditions a first order balance, 
while in practical cases it uniquely determines a true 
balance, and, as the following examples show, the appropriate 
formula to be applied to any bridge method of comparison 
can be derived from inspection. 


§ 4. I. Comparison of Inductances. 
Maxwell’s method *:— 
(2) 0, .=U.=U,—0: f#H=T,=0. 
i RE i eg 
oi aaa i 
(2) U,=U.=U;=U.=0; dW West 
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II. Comparison of Capacities. 


Bridge method :— 
(1) Condensers open : 


A eee la U,=U,=0. 
as I 


oo 
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(2) Condensers in parallel with two adjacent arms of 
balanced bridge ; same conditions as (1). 
(3) Condensers across parts (72 and 7,) only of the arms: 


4 ho U0. 


* Clerk Maxwell, ‘Electricity and Magnetism’ (8rd ed.) ii. § 757, 
p. 398. 
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ILI. Comparison of an Inductance with a Capacity. 


Maxwell’s method *:— 
Ui Ue — T=7,==0, 
ae a, 
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Rimington’s modification + :— 
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This is a very interesting case. Three of the arms are - 
non-inductive resistances, hence, for a balance, the impulsive 
effect of the fourth arm must vanish. By Heaviside’s 
theorem (7) this happens when the energies are equal. 


§ 5. Equation (9) is, asisto be expected, of the same form 
as the ordinary condition for steady balance with non-inductive 
resistances; fcr, if H represents the heat developed in any 
given time, we may put the condition R,Ry=R,R; in the 
form 

rt a, 
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where, instead of energies stored, we now have energies 
dissipated. 

The form is so simple that one naturally suspects the possi- 
bility of a more direct method of deducing it. It is, perhaps, 
suggestive that it represents dimensionally the equalization 
of mechanical momenta, thereby determining the distribution 
of energy in the field conditioned by the mechanical equi- 
librium of the current indicator; but, until more is known 
regarding the nature of the processes of storing and dissipating 
energy in electricai phenomena, its true dynamical inter- 
pretation must necessarily remain obscure. 


(12) 


* Clerk Maxwell, ‘Electricity and Magnetism’ (5rd. ed.) ii. § 778, 
p. 420. 
t+ E. C. Rimington, Phil. Mag. July 1887, 

t CA. C. H. Lees, Phil. Mag. [6] xviii. p. 432 (1909). J. P. Kuenen, 
Phil. Mag. [6] xix. p. 489 (March 1910). 
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VI. Internal Pressure and Latent Heat of Liquids. By 
Wm. C. McC. Lewis, I.A., D.Se., Chemical Laboratory, 
University College, London”. 

a the Phil. Mag. (xxiii. p. 955, 1912) Mr. Sukhodski has 

criticised an expression given by the writer for the 
internal pressure of a liquid. The expression referred to is 


K 
K-1=TSy, Jae, heats (OD) 
where K is the internal pressure and / was taken to mean 
the latent heat of vaporization of 1 c.c. of the liquid (Dupré). 

I was aware that the further assumption, viz. 

Se eens ih So MN 
re eae ars 
could not hold over a wide range of temperature, being 
evidently incorrect at the critical temperature, at which 
point / is zero while K is still positive (and probably fairly 
large) as Mr. Sukhodski points out. 

It may be mentioned that if / is taken to be the latent 
heat of expansion of the homogeneous phase (entirely liquid 
for example), that is, the heat which has to be added to the 
system while it expands isothermally by 1 c.c., such a 
quantity will not become zero at the critical temperature, 
but will have a positive value. By attaching this meaning 
to l, the physical significance of equation (1) would be of 
course considerably modified. KHquation (2) might, under 
these circumstances, be fairly correct, but as there is no 
direct means of testing this, it may be dropped. 

Whether we regard / as referring to the latent heat of 
vaporization of 1 c.c. or to the latent heat of expansion of 
the liquid itself, equation (1) would still be of little use for 
experimental purposes, owing to the presence of the term 


OK 
al 
fairly accurate estimate of this quantity by a new method.’ 
In the Phil. Mag. (April and September 1912) Mr. H. 
Davies has put forward several very interesting applications 
of the Cailletet-Mathias law of the rectilinear diameter. 
One of these is an expression for the temperature coefficient 
of the internal pressure of a liquid which is found to be 
simply identical with the coefficient of expansion, viz. 
ts 3 ae 
iat 
* Communicated by the Author. 


Recently, however, it has become possible to obtain a 


x. 
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It has also been shown that K itself can be calculated, but as 
the basis of the method consists in applying an equation of 
the van der Waals’ type, I do not think that it presents 


much advantage over the method of setting Kos in van 


der Waals’ equation itself. The temperature coefficient 
being, however, a much smaller quantity, is no doubt given 
by Davies’ expression with a considerable degree of ac- 
curacy, the simplicity of the expression rendering it par- 
ticularly useful. 

Thus starting with equation (1) 


De 
Se 
aad resubabas Davies’ expression for a one obtains 
nally 
| l 
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this being identical with Davies’ equation (24) (J. e.). 

Davies himself has calculated the value of K in a few cases 
employing the above expression, in which / is taken as the 
latent heat of vaporization of unit volume of the liquid. 
The results obtained are given in the second column of the 
following table, the third column containing the values 
obtained by Davies’ alternative method without introducing 
equation (1). The last column is the van der Waals’ 
value *. 


Substance. Katimoss | / K atmos. ke =, 
PBEMZEMC!) scl sateen cess wa S12 1102 1380 
NGO MMENC ce treee siete scenes we 1042 1188 1180. 
YANG ETO 4 tyres a Na 1315 1176 — 
ESS. ee a oe 686 661 Ea 


The agreement between columns 2 and 3 is fairly good. 
In the above / is taken to be the latent heat of vaporization 
of 1 e.c, of the liquid. It seems of interest to see what sort 


* Calculated by Traube, Zettsch. Phys. Chem. \xviii. p. 2938 (1909), 
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of values are obtained if one considers / to be the latent heat 
of expansion of the liquid itself. A simple expression for / 
having this signification may be obtained as follows. 

For the heterogeneous as well as homogeneous system we 
have, on purely thermodynamic grounds, 
Op 


i=—Tap 


and on introducing the further expression 


(2*) o) & Bees] 
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which holds only for a homogeneous system (say the liquid 
form), one obtains 


iY a 
Sp aa E I as 
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where « is the coefficient of thermal expansion and £ the 
compressibility of the liquid. 

In the following table are given some values of J thus 
calculated ; the « and 8 data being taken from Landolt and 
Bornstein’s tables. 


Latent Heat of Expansion of non-associated 
Liquids at 0° C. 


Substance. Z atmos./cm.”. Z cals./c.c. 
fig A) 2730 65 
ROPOROEME | ..vecasv-ess dos. 3700 88 
Carbon tetrachloride ...... 3932 79 
Carbon disulphide ......... 3822 91 
fT Re ge eg ea eed 4336 tots, 
URGE coz pany dels annnan eo 13280 316 
yerig (. 50.5 cab eese close 3370 80 
POG) eh ts st, Shas lestdesp de 3547 84 
ALS) MERE le eo 3644 86 
SHZB IIS cau esd tan oi) ax aedts ui 3430 82 
Hthyl acetate..............-+. 3305 78 


It will be observed that in general the latent heat of expan- 
sion of the liquid is of quite the same order of magnitude as 
its latent heat of vaporization. In the case of associated 
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liquids, the differences are greater owing to the work involved 
in breaking down the complexes almost completely on 
vaporization. The following table allows of a rough com- 
parison. 


| Temperature 0° C. 

Substance, / atmos./cm.”. | i cals./e.c. Lyaporization| 

of 1 gram. | 
Methyl alcohol, ..:.....205. 4095 97 | 290 
Ethyl alealol) Qs aee 3453 82 225 
a Propylalcohel 2. 0.3.2555- 2348 55 165 
Isopropyl alcohol............ 3000 7k 161 


It is rather remarkable that the values of the heat of 
vaporization and of expansion should be as alike as they are 
in the case of normal liquids. One would have expected, 
I think, that the numerical values would have been of a 
different order of magnitude. In the process of vaporization 
the molecules are pulled so far apart that they must be 
nearly independent of one another compared with their relation 
in the liquid. In expanding a liquid at constant tempera- 
ture—a process the results of which are realized in experi- 
ments in which a completely filled and closed vessel is cooled 
without corresponding contraction of the liquid—the relative 
separation of the molecules from one another, even in the 
expanded state, must be small compared with that of the 
vapour molecules, The fact that both heat effects are nearly 
the same suggesis that the range of attraction must be ex- 
tremely small, of the same order as the mean distance apart 
of the molecules of the liquid in its normal state (about 


LO? em.) , | 


With the values thus obtained for / (latent heat of ex- 
pansion) we can calculate the values of K by means of the 
expression 

] 
ang 


the results being as follows :— 


Recombination of Ions produced by Réntgen Rays. 65 
Internal Pressure of Liquids at 0° C. 


) 


Substance. K in atmos. | 

(= = | 

| THEO shoe te eiieas eee ph 1932 | 

WGhdorakarti tes ces:. |: 2780 | 
Carbon tetrachloride ...... 2518 
_Carbon disulphide ......... 2917 
[A PBLOND oo nner aha anis ss 13- 3188 
| Mercury ..-.--... 4th pe Ee 12645 
Cymeng es Sea. 2718 
NO ST ete Ne Le a ee ee 2815 
OTA 2 PR a2 og 2847 
SEDs | (cot i lah erat i aa 2639 
Hthyl acetate: 2.051 ..2.0... 2466 


It will be seen that the values of K obtained by this method 
are approximately double of those previously given. This 
in itself is not sufficient to discriminate between the two 
possible meanings to be attached to /. In anassociated liquid 
_ l—in either of its significations—may be no measure of K 

at all. 

It is still an open question, therefore, whether in calcu- 
lating internal pressures from latent heats, one should employ 
the latent heat of vaporization of 1 c.c. of the liquid or the 
latent heat of expansion of the liquid itself. «© 


VEE. The re of Ions produced by Rdntgen Rays. 
By 8. J. Puimpron, Ph.D., Yale University *. 


HEN a gas is exposed to the continued action of 
Roéntgen rays the number of ions contained in a 
unit volume of the gas does not go on increasing indefinitely 
because of the electrostatic field associated with the ions. A 
continuous diffusion takes place from the region of maximum 
ionization, and in addition oppositely char ged i ions recombine 
under their attractive forces. The process of diffusion is a 
relatively slow one, and with properly designed apparatus 
may be disregarded in measuring the changes in ionization 
due to recombination. 

According to the accepted theory of ionization in gases, 
the rate of change of the number of ions of either sign per 
unit volume is proportional to the square of this number ; 
that is, : 

dn 


dt = —an’, . - . ° . - (1) 


where a is a constant known as the coefficient of recom- 
bination and is independent of x. 
* Communicated by the Author. 
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This law of recombination has been shown by several 
experimenters to hold good to a high degree of approxi- 
mation. 

In the early experiments of Rutherford* and of McClungT 
the gas was contined in a closed metal chamber provided with 
an aluminium window for admitting the rays. Inside the 
vessel were two parallel metal plates, one of which was 
connected with a source of potential and the other with an 
electrometer. 

Under the action of the rays the gas between the electrodes 
was ionized until a steady state was attained, when the 
ionization was balanced by diffusion and recombination ; 
the rays were then switched off, and the charge remaining 
in the gas at definite times after the cessation of the rays 
was then determined. A pendulum interrupter was pro- 
vided, so that this time-interval could be varied at will. In 
this manner corresponding values of and ¢ were obtained, 
and were found to agree satisfactorily with the relation 


ESE SS pee at, gt Se Sie, eee ee (2) 


which is obtained immediately by integrating equation (1), 
n, being the number of ions per cubic centimetre present in 
the gas when the steady state has been established, and 
n being the corresponding number after the ions have been 
allowed to recombine for a time f. 

Another method was also employed by McClung f to 
demonstrate the validity of the law of recombination, and 
was used by him to determine an absolute value of the 
coefficient «. The saturation current was measured while 
the rays were acting,a strong electric field being maintained 
between the electrodes. From this observation the number 
of ions (qg) produced per cubic centimetre per second in the 
gas was determined in arbitrary units. The electric field 
was then withdrawn, and the rays were allowed to act until 
a steady state of ionization was produced ; this is expressed 
by the equation : Las ae 
where 7 denotes the number of ions of either sign present 
per cubic centimetre in the gas when the steady state has 
been reached. The rays were then cut off and a strong 


* Rutherford, Phil. Mag. xliv. p. 422 (1897). 
+ McClung, Phil. Mag. xiii. p. 283 (1902). 
t Loe. cit. 
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electric field immediately applied sufficient to drive over to 
the electrodes all the ions remaining in the gas. 

By measuring the charge given to the electrode, n was 
determined. The determination of both qg and 7 sufficed to 
afford an absolute estimation of «. 

Rutherford * and Townsend t made use of anotber method 
for verifying the law of recombination. The saturation 
currents were measured at different parts of a tube through 
which ionized air was streaming. These currents give the 
values of n at the place of observation ; and if the rate of 
flow of the air is determined, and the distance from the 
region where the ions are formed is known, the series of 
values of x corresponding to different time-intervals can be 
plotted. This method can be employed only when the gas 
used is available in large quantities. 

Langevin { has shown that the coefficient of recom- 
bination « is capable of being expressed in the following 
form : 


= = 4ar(hy + he)e, 


where e denotes the charge on the ions, 4, and k, the ionic 
mobilities, i.e. the velocities with which the positive and 
negative ions respectively move under unit electrostatic 
field, and e is a number which is less than unity. According 
to the theory of Langevin, ¢ represents the ratio of the 
number of collisions between oppositely charged ions which 
result in recombination to the total number of collisions: in 
this theory it is assumed that the ions move under their 
mutual attractions, following the same law and with the 
same mobilities as if they moved under the influence of an 
externally impressed field. The following method was 
devised by Langevin for the experimental determination 
of e. The gas between the two parallel plate electrodes was 
ionized by a single flash of very short duration from a 
Roéntgen-ray bulb; the ions are regarded as being formed 
uniformly in layers parallel to the electrodes, although the 
density of ionization may vary from one layer to another. 
The charge communicated to the electrodes for electric 
fields of different intensity is measured by an electrometer ; 
the electric field between the plates is in general chosen 
very small, so that appreciable recombination may take 


place during the passage of the ions through the gas. The 


* Loe. cit. 

+ Townsend, Phil. Trans. 1899, A, p. 157. 

{ Langevin, Ann. de Chim. et de Phys. xxviii. p. 289 (1903). 
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charge Q brought over by a field X is given by the 


formula 


where Q, is the charge corresponding to a field of sufficient 
intensity to prevent appreciable recombination. 

Applying this method, and making use of the previously 
determined values of £; and &,, Langevin found that the 
values of a showed a considerable falling off when the air- 
pressure was reduced below one atmosphere ; whereas the 
experimental results obtained by McClung*, who used 
the method described above, had assigned a value to « 
which was practically independent of the pressure below 
one atmosphere. This discrepancy was almost certainly 
due to the abnormally large corpuscular radiation which 
proceeded from the electrodes in McClung’s experiment 
when the Réntgen rays were acting. | 

It is convenient to indicate here briefly three main sources 
of error which are liable to occur in the course of experi- 
mental work on this subject : 


(1) Diffusion of the ions. 


(2) Presence of corpuscular radiation proceeding from 
the electrodes. 

This gives an abnormally high density of 
ionization near the plates, making the value of a 
greater than for a uniform distribution. The 
error becomes greater as the pressure is reduced. 


(3) Variations in the intensity and penetration of the 
Rontgen rays due to continued working of the 


bulb. 


The method adopted in the present series of experiments 
reduces these sources of error to a minimum. It consists 
essentially in ionizing the gas between two parallel plate 
electrodes as uniformly as possible by means of a single 
flash from a Rontgen-ray bulb, allowing the ions thus 
produced to recombine in the absence of any external field 
for small intervals of time which can be regulated and 
determined mechanically, and by the sudden application of a 
strong electric field driving over to the electrodes those ions 
which remain in the gas. In this way we obtain a series of 
values of n corresponding to different values of t, and values 


* Loe. cit. 
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of « are then determined for different conditions of gas- 
pressure by means of a variation of equation (2) which is 
indicated below. 

This method is believed to have the following advantages : 


(1) By using radiation of smaller intensity and by 
shortening the time-intervals, the effect of diffusion 
is greatly reduced. 


(2) By restricting the beam of rays between the 
electrodes diffusion is further reduced and corpus- 
cular radiation practically removed. 

(3) By the use of single flashes of X-rays the difficulty 
of maintaining uniformity in the rays is greatly 
lessened. 

(4) Since the duration of the flash is very brief, it is 
possible to study the initial stages of recom- 
bination. 


In connexion with (4) it is worthy of mention that in 
previous investigations no information has been afforded 
with regard to the initial stages of recombination. In a 
steady state of ionization, ions of practically all ages are 
present, diffusion has become very appreciable except in the 
ease of the ions of recent formation, and the ionization is 
necessarily very intense, so that, on the whole, a prac- 
tically uniform distribution of the ions prevails at the instant 
when the rays are cut off. 

With single flashes of Rontgen rays the case is different. 
At the instant when the flash has ceased the ions are 
approximately all of the same age, and diffusion has been 
practically inoperative ; so that any peculiarity in the initial 
distribution of the ions is capable of being detected by expe- 
rimental observation. Such an initial effect has made itself 
manifest in the present series of experiments, and will be 
described later. 


Preparation of Gases and Vapours. 


The carbon dioxide gas used in these experiments was 
obtained in the usual way by the action of hydrochloric acid 
on marble in a Kipp generator. The sulphur dioxide was 
taken from a cylinder of the compressed gas. The vapours 
were evaporated in each case from the liquid as supplied by 
the chemist. In all cases, before admitting the gas or 
vapour, the apparatus was pumped out to a few millimetres 
of mercury. ‘The substance to be tested was then let in 
until the greatest allowable pressure was reached, and then 
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pumped out as before. This process was repeated at least 
three times. 

Great care was taken in every case to make the gas or 
vapour dust-free, by passing it through several inches of 
glass-wool and then allowing it to settle for several hours. 

The gases were dried by passing slowly through a tube 
containing phosphorus pentoxide, and the vapours were 
bubbled through sulphuric acid when necessary and were 
always passed through a calcium-chloride drying-tube. 


Description of Apparatus. 


The general arrangement of apparatus is shown in fig. 1. 
The ionization chamber K is lined with aluminium and pro- 
vided with two parallel plate electrodes A and B of alu- 
minium, the latter being surrounded by a guard-ring C 


Pica 


which is connected with the walls of the chamber. The 
insulated electrode B may be connected with an electrometer 
by means ofa key D. The beam of X-rays is restricted by 
adjustable lead screens, MM’ and NN’, so that it does not 
fall on the electrodes. A pendulum BR is used for auto- 
- matically giving the flash of X-rays by opening the key § 
and after a definite interval of time, applying a potential to 
the electrode A by opening the switch F, which may be 
placed at any position along the path of the pendulum. 

In order to obtain X-ray flashes of sufficient intensity it 
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was sometimes necessary to interrupt a current of 25 
amperes at the key 8. Although a large adjustable con- 
denser was used for suppressing the spark, considerable 
difficulty was experienced at first in getting uniform con- 
ditions in the induction-coil at the instant when the break 
occurred in the primary circuit. This difficulty was over- 
come by the use of a specially constructed key for breaking 
the large primary current. 

In designing keys for purposes of this sort, attention has 
usually been centered on getting a rapid motion at the 
instant of break. It was found possible to use very mode- 
rate motion provided a firm uniform pressure was maintained 
between the contacts up to the instant of breaking and 
separation of the contacts then effected without vibration 
or chattering. The most successful break was constructed 
as follows :— 

A rigid bar armature of T section was mounted in conical 
bearings at one end and carried a platinum contact at the 
other. The complementary platinum contact was mounted 
rigidly on the same heavy case with the bearing. The key 
was closed firmly by a permanent horse-shoe magnet. The 
bearings were kept in such adjustment that the magnet 
could just overcome the friction at a particular position. 
The bearing screws were locked in place by another pair 
of set screws. A looseness in these bearings which was not 
sensible to the touch, would vary the electrometer readings 
from five to ten per cent. 

When this key was used with a current strong enough to 
properly excite the bulb, the flashes of X-rays produced 
almost perfectly uniform readings of the electrometer. 

The apparatus as a whole is operated in the following 
manner :— 

The pendulum R (referring again to fig. 1) is fastened by 
a catch, Z, at a position of maximum displacement from the 
vertical. The keys are then all closed, bringing the elec- 
trodes A and B to potential zero and closing the primary of 
the induction-coil which operates the X-rays tube. The 
key D is then opened and the pendulum quickly released 
from the catch Z. The pendulum automatically opens the 
key 8, giving rise to a flash of rays which ionizes the gas 
between the electrodes in the chamber K. Since both 
electrodes are at zero poteniial, the ions continue to re- 
combine until the pendulum has opened the key F, when 
a potential is applied to the electrode A, which drives over 
the ions of one sign remaining between the electrodes to the 


plate B. The earthing key is now opened and the key D 
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closed, so that the charge received on B may be measured 
by the electrometer. 

_ By taking a series of readings in this way with the key 
at different positions along the path of the pendulum, the 
relative numbers of ions remaining in the gas after definite 
intervals of time was obtained directly. Throughout the 
experiment, readings were frequently repeated with the 
key F in such a position that the field was applied before 
the flash occurred in order to detect any lack of uniformity 
in the action of the apparatus. 


Calibration of Pendulum. 


In order to ascertain the time intervals during which the 
ions were allowed to re-combine when the switch which 
applied the field to the gas was placed at various positions 
along the path of the pendulum, the following method was 
used :-— 

The switches S and F which applied the X-ray flash and 
the field respectively, were connected as shown in fig. 2. 


a 


A a oe 


Both switches were initially closed and the double pole- 
switch A was closed at CD, putting a standard condenser 
B in series with the switches 8 and F. The pendulum was 
then released, opening the switch 8, and thus permitting a 
storage-cell E to charge the condenser through a known 
high resistance, R. The charging continued until the 
pendulum opened the switch F which breaks the charging 
circuit. The condenser was then allowed to discharge 
through a galvanometer. by closing the double throw- 
switch A in the opposite direction. 

The time required by the pendulum to swing from the 
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switch § to the switch F was then computed by means of the 
formula 


a Gems 
CR log (1 <a 


Fi log e 


where 
C=capacity of condenser ; 
g=charge received by condenser as measured by a 
ballistic galvanometer ; 
EK = potential of battery ; 
e=base of Naperian logarithms ; 
R=resistance in charging circuit. 


The values of ¢ obtained in this way were aiso checked by 
means of a chronograph. 

The duration of the flash was obtained as follows :— 

In fig. 3 is shown the induction-coil, X-ray tube, and keys 
S and F, as in fig. 1, except that the key F is disconnected 


Fie. 3, 


entirely from the potential battery system and put in parallel 
with a spark-gap Q, which is in series with the secondary of 
the induction-coil and X-rays tube. is a brass connector 
between the two halves of the secondary coil and connected 
also to the primary coil for protection to insulation. This 
brass connector was removed from one binding screw to a 
distance of 0°5 millimetre. 

Since the connector Q is in series with the X-ray tube, a 
spark will occur at Q simultaneously with the flash in the 
tube unless the contacts of the key F are closed or so nearly 
closed that the discharge takes place at F instead of at Q. 
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If when the discharge occurs the key F is closed or opened 
to a greater distance, no spark will be seen at F. A spark 
is seen at F only when the key F is so situated in the path 
of the pendulum with regard to the key S that the contacts 
of the key F are separated by a distance less than 0°5 milli- 
metre and greater than 0 millimetre during the flash of 
X-rays. Ifit opens near the beginning of the flash, only a 
small spark will appear since the discharge potential has not 
then attained its maximum, so that when the key has opened 
only a short distance, the resistance becomes too great and 
the spark ceases. On the other hand, if the key F begins 
to open so near the end of the duration of the discharge that 
when its contacts have separated only a very small distance, 
the discharge has ceased, then again only a small spark will 
be observed. By placing the key IF at different positions 
relative to 8S, it was found that the discharge in the X-ray 
tube began practically simultaneously with the opening of 
the key S, increased to maximum and then fell to zero, 
the total duration of the flash being 0:0035 second. The 
limiting position of the key F at which the discharge ceased 
could be determined within a distance corresponding to 
0:0001 second. 

The calibration of the pendulum, as determined by the 
condenser method described above, was corrected for the 
time occupied by the flash by subtracting 0°0015 second 
from each value. It was necessary to know the total 
duration of the flash accurately also for a special experiment 
to be described. 


Prelinunary Experiment. 


In order to ascertain the effect of secondary and corpus- 
cular radiation from the electrodes A and B of fig. 1, the 
lead screens MM’ and NN’ were removed, allowing the 
Rontgen rays to fall on A and B as well as in the space 
between them. The plate A was charged continuously to 
160 volts. Air was introduced into the chamber K and a 
series of deflexions noted for different pressures using single 
flashes of X-rays of constant intensity. The air was then 
pumped out and similar readings taken for hydrogen. The 
results are plotted in fig. 4, where the abscissze represent 
pressure in inillimetres of mercury, and the ordinates electro- 
meter readings in scale-divisions. It will be seen that each 
curve beginning at the left has a marked curvature but 
eventually becomes a straight line, and that these two 
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straight lines if produced will intersect the vertical axis 
in a common point. 

From this it is concluded that the air curve OAB is the 
sum of two curves OCD and OH, where OF is parallel to 
PB and OCD approaches a line ‘through PD parallel to 
the pressure axis. In a similar way the curve OFG is the 


Fig. 4. 
| 
a 
PRESSURE 


sum of the curves OJ parallel to PG and OHD, which also 
approaches PD. Curves OE and OJ are due to ionization 
produced by the Roéntgen rays in the gas, and the curves 
OGD and OHD are due mainly to corpuscular radiation 
from the plates which is completely absorbed at a definite 
pressure. After replacing the lead screens MM’ and NN’ 
so as to confine the X-rays between the electrodes A and B, 
the series of readings was repeated and found to give the 
straight lines OK and OJ. Throughout the rest of the 
investigation the rays were restricted ‘between the electrodes 
so as to avoid corpuscular radiation. 


Eaperimental Results. 


There is reason to believe that certain peculiar conditions 
are present in the initial stages of recombination. On this 
account it was thought advisable not to use formula (2), 


76 Dr. 8S. J. Plimpton on the Recombination of 


which involves the number of ions initially present, but to 
modify the formula in the following manner :— 


(7), 
dt 


In this way the determinations of « are rendered independent 
of the initial conditions. 


a= 


Fig. 5. 
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In fig. 5 the reciprocals of the deflexions are plotted for 
the various time intervals. “The slope of these curves should 
be proportional to a. 
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For short intervals of time, however, there is a marked 
curvature indicating that & is relatively large for the initial 
stages of recombination, but diminishes, becoming in most 
cases nearly constant for ¢ greater than about one-third of a 
second. The curve for air is nearly straight at the end. In 
the case of carbon dioxide the curve is surprisingly steep at 
the end, indicating a very large value of « as compared with 
air, and one would suppose that it must ultimately become 
more nearly horizontal. It was therefore desirable to further 
extend the curve for air and carbon dioxide. In order to do 
this the pendulum was arranged to operate the keys on the 
return stroke. A key operated by hand was put in parallel 
with the key which applied the field and held down by hand 
until the pendulum was approaching the latter on the return 
stroke. The pendulum key was then quickly closed and the 
hand key released. , 

In this way it was possible to extend the air and carbon- 
dioxide curves to £=1°06 seconds. ‘The air curve was found 
to bend very little more, but the carbon-dioxide curve became 
finally only a little steeper than the air curve. 


MNscussion of Results. 


The high initial values of « and the subsequent falling off 
of its value, first rapidly and then more slowly, may be 
explained as follows :-— 

If we suppose the action of Rontgen rays is the liberation 
of rapidly moving electrons from the gas molecules, which 
in turn liberate slow moving electrons from molecules in their 
path, thus ionizing them, one would expect the ions to be 
segregated in the path of the rapidly moving electrons as 
shown by C. T. R. Wilson’s cloud experiment. This would 
make the value of # greater than for a uniform distribution 
of ionization and as a result of diffusion the value of a would 
slowly diminish. Tlus would probably not account for the 
very high initial values of a. It has been found * that the 
8 particle produces on the average only about 67 ions per 
centimetre of path. As a rule, therefore, there must be a 
very large number of molecules between then, and the 
distance between the two ions constituting an initial pair 
would be in general less than the average distance between 
the ions strewn along the path of the £ particle. 

If a similar condition exists in the case of ionization by the 
electrons expelled under the action of X-rays, there would be 
a relatively great: probability of collision between the positive 


* Geiger and Kovarik, Phil. Mag. (6) xxii. p. 604 (1911). 
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and negative ions which are close together giving the large 
initial values of a. | 

Comparing the curves of fig 5 for air and carbon dioxide 
at 760 millimetres, it wil! be seen that for both gases the 
high initial values of a are indicated by the steepness of the 
curves for short intervals of time, but that the air curve 
becomes linear at about one-third of asecond, while for carbon 
dioxide the curve is very steep at this point, suggesting that 
it has probably not reached its final value. When the two 
curves were extended further, it was found, as stated above, 
that the air curve remained almost linear but that the carbon- 
dioxide curve became almost parallel with the air curve after 
about two-thirds of a second. This result is in accord with 
the supposition that the variations in a@are due to a non- 
uniform distribution of the ions produced by Rontgen rays. 
Since carbon-dioxide ions diffuse only about one-half as 
quickly as the ions of air, the final effectively uniform 
distribution in which « becomes constant would be reached 
in carbon dioxide after about twice the time required in the 
case of air. 


The Absolute Value of «. 


In order to ascertain the absolute value of w at any time, 
it is necessary to know the number of ions present in the gas 
per unit volume. Ifthe ions are distributed non-uniformly 
as indicated by these experiments, the rate of recombination 
at any instant would not be uniform throughout the volume 
but would vary according to the density of the ions. If the 
distribution of the ions were known so that en average 
density for the total volume of the gas ionized could be 
computed by integration, it might be proved that « does not 
vary with the time. Since this datum is not available, tiie true 
absolute value of a cannot be computed. In the following 
table, the effect of a non-uniform distribution of the ions is 
disregarded and @ is computed as if the ions were distributed 
uniformly by using the equation, 


ie 

Ne nn Sateen 

It is obvious that the values of n, and n, obtained in this way 
will be too small, since when the ions are segregated they do 
not properly occupy the entire volume between the electrodes, 
but only a small part of that volume. The absolute values of 
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a given in this way are therefore much too large, but diminish 
with the time during which the ions are allowed to recombine 
and diffuse, since the tendency of diffusion is toward a 
uniform distribution. 

The values given were obtained as follows :— 


If 


g=the charge which causes electrometer deflexion 
of 1 mm.; 


e=the charge carried by the electron; 
D=the electrometer deflexions; 

n=the number of ions per unit volume; 
V =the total volume of the gas ionized; 


then Lure hce 
gn Ves), o1 ny Ae 


therefore by equation (2) 


1 1 
Bi Ve (5 us oe ae (s ate 5) 
~ tt ~~ gie—h)\D, OD, (—h) \D. Diy 


In computing the volume V a correction was made for the 
distortion of the field between the electrodes due to the 
charge induced by the field on the insulated electrodes. 
This was obtained by first applying the usual field while the 
electrometer electrode was earthed. The earthing key was 
then opened and a flash of X-rays applied giving a reading 
of the electrometer D’. 

The process was then repeated in the same way except that 
the electrometer electrode was insulated before the field was 
applied, thus receiving an induced charge which distorts the 
field. In. this instance, therefore, a smaller reading D” was 
obtained owing to the distortion of the field. The corrected 


value of V was obtained by measuring the volume subtended 
ai 


between the electrodes and multiplying this by the ratio = 


The following table gives the average values of ; (where. 


e is the charge carried by the electron) between the successive 
pairs of points A, B, C, D, E of fig. 5. 

In the case of the gases air and carbon dioxide, the curves. 
were extended to a point F where ¢=1°06 seconds. 
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so oh Pressure ABs \B-=O; |. CD41 aD Bian) Mee 
apour. 
PAE a dary 768 11540 6100 4680 4600 3960 
ieee amet | 411 7150 4580 3280 2820 
CO nasa 760 10000 7100 6700 6500 4880 
55: Reese 382 7500 6100 5610 5310 
SOs neat 355 12500 7640 5150 4600 
Fy age a eae 100 4400 3560 2900 2830 
Scligt ent 37 1560 1270 1160 1060 
CHa ak [e4s) 3440 2540 1240 1170 
COBOL 24 O00 4100 4070 2870 2830 
CHO Brh a7. 28 2380 2200 1850 1440 
(Opn )2O ie 99 4400 | 4070 3700 3180 


Effect of a Field on the Ionization. 


In order to ascertain the effect of an impressed field upon 
the ionization, a potential of sixteen volts was applied to the 
gas during the flash of X-rays and removed immediately after 
the cessation of the flash, the recombination then being 
measured in the usual way. 

The result is shown in curve X of fig. 5 for the case of 
air at 760 millimetres pressure. Comparing this with the 
corresponding curve for air without the application of this 
field during the flash, it will be seen that the final slope is not 
changed noticeably but that the initial slope is lessened. 
This result is in accord with the explanation of initial 
recombination given above. The positive and negative ions 
in the initial pairs would be separated more widely by the 
field and the probabilities of collisions between them would 
be reduced, giving a lower value of a. 


Conclusions. 


(1) The recombination of ions takes place approximately 
in accordance with the law 
dn 
at 
provided that sufficient time has elapsed to enable an effectively 
uniform distribution of the ions to be established in the gas. 
(2) When « is determined by considering a certain volume 
of ionized gas as a whole without regard to the distribution 
of the ions, a as given in the above expression is not a 
constant but has an initial maximum value, and approaches 
its final constant value at first rapidly and then more slowly. 


= —an’, 
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(3) An explanation of this effect is suggested, based on the 
assumption of a non-uniform distribution of the ionization 
produced by Rontgen rays, the final values of « corresponding 
to an effectively uniform distribution. 

(4) The value of « is shown to fall off as the pressure of 
the gas is reduced. 


I wish to express my gratitude to Prof. E. M, Wellisch 
for suggesting these experiments, and for his very helpful 
interest throughout the work. 

Sloane Laboratcry, 


Yale University. 
August, 1912. 


VIII. The Stability of Flow of an Incompressible Viscous 
Flud. By Professor A. H. Gipson, D.Se., University 
College, Dundee *. fo 


S a result of experiment Osborne Reynolds + concluded 

that the conditions tending to stability of flow, 2. e. to 

stream-line as opposed to sinuous flow, of an incompressible 
viscous fluid are :— 


(1) Free (exposed to air) surfaces. 
(2) Converging boundaries. 


(3) Curvilinear motion with the velocity greatest at 
the outside of the curve. 


(4) An increase in viscosity. 
(5) A diminution in density. 


From an examination of the equations of motion he also 
showed { that conditions (4) and (5) might be predicted 
from theoretical considerations. 

As regards conclusion (3), recent experiments by the 
author § indicate that for increased stability in curvilinear 
motion the greatest velocity should be at the inside, not at 
the outside of the curve, and the object of the present paper 
is to point out that this, as well as the truth of conclusions 
(1) and (2), might also be inferred from the general equations 
of motion. 


* Communicated by the Author. 

+ Proc. Royal Institution of Great Britain, 1884. 

t Phil. Trans. 1883. 

§ Memoirs Manchester Lit. and Phil. Soc. vol. lv. (1910-11), ii. 


Phil. Mag. 8. 6. Vol. 25. No. 145. Jan. 1913. G 
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For such a fluid, subject to no external forces, these 
equations may be written 


du 
Pa = -{¢ yg (Pex tpt) + (Pyz+ pur) + = # Cpa pn) \ | | 


dv d 
Pa =— {< Tq (Pay + pou) + 5 (Dy + pr) + = (Pay + pow) : (1) 


dw _ d d d 
pa =— | © (pos pro) + dy Beet 0070) + oy, (Pas + ppm) i | 


du dv dw 
and de * dy Le es =(). ° e ° 5 . (2) 


Multiplying respectively by u, v, w, integrating, adding, 
and writing 
K= 5 (w+ 0 +0?) 


the rate of increase of kinetic energy per unit volume is 
given by 


d d d d 
(Gta Ta Ry w7g)E= 
d d i 
© (ups ne dy (Upyx) a qa zx) | 
d gly d 
— 3 + gy (Pan) + gy Clos) + gs ae 


d d d 
L a iE (wprz) + dy (wpye) + ie (wpzz) j 


(2 de du lu. a 

| Prz 7, we a dy he Par ae | 

; dv dv | 3 
a *oia* Py dy T Pzy Ge, ea 

| dw dw 


+ pa ae oar dy T pee a, ) 

The first term on the right of this equation represents the 
rate at which work is being done by the surrounding fluid 
per unit of volume, so that, for conservation of energy, as 
pointed out by Stokes * the second term on the right must 


* Cambridge Phil. Trans. vol. ix. p. 57. 
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equal the rate of conversion of energy of motion into heat 
energy, or vice versa. 

If u, v, w in these equations denote the component velocities 
at a given point in the fluid, and if u,%, ~ represent the 
velocities of the instantaneous centre of gravity of tha 
element of fluid surrounding this point, while wu’, v', w’ 
represent the velocities relative to this centre of gravity, 
Reynolds has pointed out* that two equations of energy 
may be obtained, one dealing with the mean m otions w U, UV, Ws, 
and the other with the relative motions wu’, v', w’, and from 
a consideration of these equations has shown that the limit 
of stability of motion is attained when 


( / du du du ) 
wu —-+u'v yt ul! 
| “ dy z | 
| , av dv pe ,ao | 
me “ly *° +l! As rae: Ty aie Bi Uda dy . dz, 
U dw dw | 
w'v' — +w'w' — 

L. es y dz J 


( w =) 4) 
| 2{(7) +a) + (=) 3 
(“2 + 
=u (if) +( ia a a) +(G+ a) bar. -dz. (4) 
ie (= “ wy | 
‘a du dy J 
The left-hand side of this equation represents the conversion 
of energy of mean motion into energy of relative motion, 
while the right-hand side represents the conversion of 
the energy of relative motion into heat. So long as the 
first of these terms is less than the second, the motion as a 
whole is steady, while if the second is the smaller, the motion 
is essentially unstable, and eddies are formed. 
By integrating equation (4) it may be shown f that in the 


ease of flow through a uniform circular tube, the condition 


for stability is OP ee where « is a definite numerical 


constant. 
An examination of the equation, however, enables further 
general conclusions to be drawn as to the effect of any 
variation from a state of rectilinear motion, on the stability 


* Phil, Trans. 1895. 
+ Scientific Papers, ‘‘ Reynolds,” vol. ii. p. 561. Also Phil. Trans. ced. 
G 2 
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of flow. Evidently any factor which tends to diminish the 
relative magnitude of the left-hand side of the equation 
tends to reduce the tendency to eddy formation and to 
increase the stability of flow and vwice versd. Thus, as is 
well known, an increase in w or a diminution in p tends to 
increased stability. 

Lifect of Free Boundaries—With “free”? as opposed to 
‘ solid” boundaries, the boundary velocities are increased and, 
assuming flow to take place in the direction of inercasing a, 


the magnitudes of 2 and of 2 are diminished. Since these 


are negative and since the quantity in brackets on the left- 
hand side of equation (4) is essentially negative, this tends. 
to diminish this term and hence to increase the stability of 
flow. 

Lffect of Converging Boundaries.—The same effect may be 
seen to follow the introduction of converging as opposed to 
parallel boundaries, or indeed any convergence of stream 
lines accompanying a change from pressure to kinetic 
: ae and 2 instead of being 
zero become positive and thus diminish the absolute 
(negative) value of the term in brackets. Conversely, a 
retardation in the direction of flow, such as is produced by 
diverging boundaries, diminishes the stability of flow. 

Effect of Curvature of the Path.—If, in curvilinear motion, 
the direction of « be taken as tangential to the path at a 


“ a ig dy 
given point and if ai and i 


3 is greater if the velocity is greatest at the outside of the 


curve, than it is with rectilinear motion. Since, under these 


energy. In such a case 


are positive, the value of 


conditions, = is essentially negative, the absolute value of 
the first term of (4) is greater than with rectilinear motion, 
and the stability of motion is consequently diminished. 
Conversely, with the velocity greatest at the inside of the 
curve the stability is increased. 


University College, Dundee. 


IX. The Transverse Vibrations of a Rod of Varying Cross- 
Section. By P. F. Warp, J2.Se. (Manch.).* 


L. ¢ Neer following paper contains an extension of some 

results given by Kirchhoff in his memoir on the 
vibrations of a bar of variable section f. It is assumed that 
the cross-sections are small, their centres of gravity in a 
straight line, and their principal axes in the same directions. 
Such a rod can execute small vibrations parallel to either 
of these two directions. The rod is further supposed to be 
of rectangular section. 

After the differential equation has been formed, it is 
simplified by making a special assumption as to the law of 
variation of the cross-section. It is then solved in terms of 
Bessel’s functions, by an extension of the artifice used by 
Kirchhoff in the case where the rod has the form of a very 
acute-angled wedge orcone. The thin end of the rod is sup- 
posed to be free, and the solution is investigated for the cases 
where the other end is clamped, free, or supported, respectively. 
The lower modes of vibration are then investigated in the case 
of the wedge and cone. As Kirchhoff found, the amplitude 
of vibration can become relatively very large near the thin 
end of the rod. It is also shown that there is an approximate 
relation between the positions of the nodes, points of maximum 
excursion, and points of inflexion, and the roots of certain 
Bessel’s functions, the approximation being closer the higher 
the mode, and the nearer the points in question to the thin 
end of the rod. 

A discussion is appended of some cases of wave-motion in 
a canal of variable cross-section, which are easily solved by 
means of Bessel’s functions. 

2. Take the line of centres of the cross-sections in the 
equilibrium position as the z-axis of a rectangular system, 
the axis of « being in the direction of vibration. Then, if 
EK denotes Young’s modulus, @ the area of the cross-section, 
« the radius of gyration of a section about an axis through 
its centre parallel to y, & the transverse displacement of the 
centre of a section, and p the volume-density, the equation 
of motion is | 


Bee MU ay wo B38 
po ae = <a Box 4} fOr 


* Communicated by Prof. H. Lamb, F.R.S. 
+ Gesammelte Abhandlungen, p. 389. 
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Assuming =u cos Mt, this becomes 
wr? d? 9 du 
ae ral we os) a 


Now let the dimensions parallel to # and y vary as 2” and 
2” respectively. Then, the section being rectangular, we 
have 


! 
Dt IO ete i 


where w!' and «' are the values of mw and « at z=1. Sub- 
stituting these values in (2), we have 


pr m+n _ d? (ane Q 

fee ae 7) 8) 
The solution of this equation in terms of infinite series is 

given by Kirchhoff. We need only notice that if m2 2 the 


analysis breaks down at the point <=0, the solution becoming 
infinite at this point. 

The most interesting cases arise when m=1. The equa- 
tion (3) now reduces to 


p M yn = i nF Pu 
Bx2 ee ae @ ae 9 +) tie (4) 


Hence we have to solve the two equations 
1 baat a4 du pr 


5 M42 — a 
oti Fae os dz — == Bx’? (LEE e e ec (6) 
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B pr 
Writing <z Ee) = these reduce to 
2 


& pat (nt2)a =+u (7) 

1f we now put wi we have 
(2n+3)du_ a 
_ ata a =tu, <<. . . 


* The substitution here used is a special case of the more general one, 


1 dt eeNL (dogged 
ns Oa" dzr 23dzz dz 
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and on writing w=t/n"t!, this becomes 


at l1dt (Ga me 
df a , ue LEI auc a) 


which is the Bessel’s equation of order n+1. 

If we take one end of the bar to be at z=0, and consider 
that end to be free, then, since the displacement there must 
be finite, we only need the Bessel’s functions of the first 
kind in the solution of (9). Hence 


oN eH ape 21H) yi cain « Wee SOLO 
or AO yt eas 6 ke Ye REM) 
where 
] : 1 
pr(a) = at tapi? V x), Wn(2) = apr nti? V x). (12) 
aa xv 2 


3. Clamped-Free Bar. 

Suppose the rod to be clamped at z=/. The conditions to 
be fulfilled at a clamped end are §=0 and 9&/9z=0, which 
in our case reduce to w=0 and du/dx=0. From (12) we 


then have 
Adgn(a;) + Byrn (2) = 0, eviee he a: (La) 
Adn( 2) ay,( #1) pbs 


where 2, is the value of x corresponding to z=l. Now 
according to our notation @y-1, Yn-1 are certain integrals of 
the equations 


dp; i 
oF 4 (+1) See = dn-1, 


15) 
dar, — A ( 
0 + (ntl) ES = he, 
Al ddbn— dn 
EC j= = and wh = a eS es GG 
Hence (13) and (14) give 
A Cha pay 3 dp, —1 = 0, | 
Be ae Uses NaN) 
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Taking (17) in connexion with (15) we obtain 
Ad n—-1+ Bini = OV 3 Shieh. tives katte (18) 


and finally by eliminating A and B we obtain as the 
equation to determine ,, and therefore the values of A, 


£ ($n-1n-1) = 0. iv al 


To solve (19) we proceed as follows, the method being 
an extension of that employed by Kirchhoff in the cases 
of n=0, n=1. If we multiply the two equations (19) 
respectively and successively by 


£ dwn —1 ddr —1 
fe) ee dx ° dx 
and add, we obtain 


1 a ad ee d n— 
26n—1Vn-1 Se (ery, 4 a" 2 mee ae 


5 Wn—1 Dn—1 3 


ae, 
Don 3 An 1 ii d Qn-+2 oy Avni 
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Goa ms 
(<P ia nia ee Dp 1) + G+ 1) Fe (bu Wn—1) = 0, 


which with the identity 


ie pee al? Va 1 ddn—1 ioe 1 d? Pn—1 
Jae Pn—1n-1) — Dn—1 Tae 2 Thos wa 2 we +n—1 da? ? 


yield the differential equation 


id id d 
Agn-Wy-1 Ee oh a grtl © Guan 1). (20) 


2” dx x” da” 


From (20) it is found that the required series for dn-1Wn-1 


1s 
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Therefore from (19) the equation to find is 
0o= 5 SUR si ae SONG he ae + 22 
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which if n is integral may be written 
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' 4, If we put n=0 we obtain the case of a wedge-shaped 
rod free at the thin end and clamped at the other: the 
direction of vibration being parallel to the planes of tri- 
angular section *. _ 


From (11) we have 


i eee) Tay (rs. Seer St CA) 
A 


| B 
or Uw ree V&)+ aie V2). 


The equation to determine 2), and therefore A, is by (23) 


it a at ae 


Pamor Tlolat a)ater stare 


Pam) 


I find that the first four roots of this equation are 
)°3151, 15°207, .30°020, 49°763. 


Since wz, is the value of x corresponding to z=1, we have 


es a Ex? 
iV/(f)=% «= »-T>) 


giving the frequency corresponding to any root z, of (25). 
Also since 


we have 


Sicinnss:" sickorriegt rari Mao) 
From (18) the ratio of the constants A and B is found 


to be 
Alp-i1(%) = —B/p_i(@) = C (say), 
whence =u = Of W_i(21)bo(@)—G_-1(@1)o()}-—- (27) 
We notice that 
@1,=]2@v«2) and p_1=—Jd(2/2). 
In the first mode we have 2,=5°3151, and therefore 


u = —C{19-2773y,(w) +°293327ho()}. 


* The case of a vibration perpendicular to the planes of triangular 
section is treated by F. Meyer zur Capellen in Wiedemann, Annalen der 
Physik, vol. xxxili, 1888, p. 661. 
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To find the form assumed by the rod we construct the 
following table :— 


x, blz). | dole). |  —a/0. | “ll 

0 1-000000 1:000000 19:5707 ‘000000 
1 1:590636 576724 11°5842 188143 
2 2°394833 "282992 6°15779 376287 
3 3°468650 0880035 2°71392 564430 
4 4°879732 — 0330216 ‘79478 "752574 
5 | 04169 °940717 


6°70929 — 0999263 | 


The curve is shown in fig. 1. 


Fig. 1. 


In the second mode x=15'207, and 
u = C{'215563¢0(a) —354°429y,(z) }. 


The corresponding table is 


2N x. x. (2). Lo(a). | uC. 2/L. 
0 — 354-214 ‘000000 
1 — 204-065 ‘065759 
2 — 99°784 131518 
3 — 30°4433 ‘197277 

(3°8 3°61 4:28443 | +:00674789 |— 1°46809 

| 3°82 36481 433994 | +°00247215 |+  °059329 
4 + 12°7557 ‘263037 
5 + 36:8631 ‘328796 
6 905436 | —128413 |+ 47-4651 "394555 
7 1203089 | —:130723 |+ 489251 “460314 
8 15°'77410 | —:116292 | + 446177 "526078 
9 2047731 | —:0922279 | + 37°1025 *591833 
10 26:23987 | —:0637983 | + 28'2683 "657592 
11 33°3748 —'0347379 | + 194980 723351 
12 42°1129 —0076087 | + 11°7747 “789110 
15 81'2433 —0106065 |+ ‘05891 | -986388 


Vibrations of a Rod of Varying Cross-Section. 91 
By interpolation the node is found to be at the point 
ei 646625 2/t= *259799. 
The point of maximum excursion is given by 


du 
dz 


We may notice that 


CG = -215563 a — 354: 129 Ye — 0. 


d 1 , a - 
Po — g, = 122) and Mo = — py = ——JS,(2V2). 


I find as corresponding values : 


re E | dp, dy du | 
Wy N x. ap Bat ts a O. 
i 516 6°6564 3°08065 -00124091 + 224260 
518 6°7081 : 3°11787 "00223670 —*120653 


| 


Hence the point of maximum excursion is found to be at 
2 = 6°69001, 2/1 = °439930. 
At the fis of inflexion 


ay | C= -215563 ase 354: 42924 = oe 


We note that 


d? d 
sea PH $= SL(2v2), 


and 


Fe = = he = V0). 


The following are corresponding values : 


= a9, | dp, du ) 
; 2 Ne. v, Fh | “ae . daz | © : 
a ae co 
(628 98596 1305855 | 000971393 | —-062796 
leso | 99225 1320731 000769200 | -+-012074 
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Therefore the point of inflexion is at 
y= 9912365) 2/l ==" boleeo. 
The form of the rod is shown in eo 2 
Fig. 2. 


In the third mode #,=30:020, and therefore 
To find the nodes we have | 


V x. v. (2). W(x). | u/C. 
3°82 SOS TMD, ee AR TNR coe —18°0871 
3°84 3°6864 4°39630 — ‘00173794 +11°5863 
7:00 12:25 44-5826 — 00133795 + 1:41354 

{ 7:02 12°3201 45°2971 + 000377234 —10°72551 


Hence the nodes are given by 
= 3°67160, 12°25816, 
efl = °122305, "408334. 


To find the points of maximum excursion we have 


- db, dif, 

2 x. L. de ars G; 

512 6'5536 3°00776 — 000810898 +5°14201 | 
5:14 66049 3°94395 -++ 000225034 —2°11915 
8:46 17°8929 28°6109 — ‘000646653 — °57735 
8:48 17:9776 29:0341 — ‘000943240 +1:42418 


The required points together with the actual displacement 
are then as given below : 


~~ — 


ON «x. x, $ (2). W(@). u/C. z/l. 
518417 | 658993 | 10°72545 | —-132279 | 4924445 | -219523 


846577 | 1791733 | 146°746 +°0644071| —477°235 596845 
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To find the points of inflexion we have 


=” het d$ dp d2u 
2A x. | Ve dx2* daz” sa dx C. 
{ 6°38 | 101761 1°38222 +:00000147866 —°257026 
6°40 10°24 1:389101 — 000180292 +1:01470 
{ 9°62 231361 10°8118 — 000317421 +:29345 
9°64 23°2324 10°9617 — 000270646 — ‘06087 


The required points are then given by 
18900. 125°21986, 
2[l= °3389407, +773348. 
The form of the rod is shown in fig. 3. 
Fig. 3. 


In the fourth mode 2,=49°763, | 
u=C{155668 $o(7) — 148695 wWo(x)} 


The positions of the nodes, loops, and points of inflexion are 
then as follows: 


By 2/l. | 


3°67055 ‘073762 | 
Nantes. Gio. 12°30668 ‘247306 | 
25°80624. ‘518582 | 
| 
6°59392 132506 
HOOPS: As e dae: 17°70437 *355774 
3407126 684669 
10°17609 204491 
Inflexions ...... 23°84908 479254 
41°37971: *831536 


5. By putting n=1 we obtain the case of a very sharply 
pointed pyramid on a square base. It can be readily shown 
that the same analysis applies to the case of a circular cone. 
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From (12) 
u—Ad(2)+Biyji@)i. . . ... Keon 


i = 1,(2/2x) + =e V2). 


From (23) the equation to determine z, and therefore X is 
1 ie a 
("lal Tela! 21417) | 
the lower roots of which are found to be 
8°7192, 21:146, 38°453. 
The ratio of the constants A and B is from (18) found to be 


—Alro(41) = B/go(#1) = C (say), 


u=C{po(a1)Wri(@) — Yo) b:(2)}- 
In the first mode x,=8°7192, 
u=C{-0996438 d(x) +19°0308 yr\(z)}. 
In the second mode «,=21°'146, 
u=C{270°325 Wy (2) —°0473844 )(x)}. 


We then find as corresponding values: 


whence 


ON x. x. | $,(2). W(x). uC. 
5:12 Grasse vat chs Oe eaeale +:076685 
5:14 BOL Teh exe oie nace —+205068 


Hence the node is at the point 
-@=6'06756, or z/l="310582, 
Again we find : 


| 
- dg, dy aM 
thet a de’ de’ dae} 
6°40 DOE feted: fire sgt erermie Hh > theses —'0175107 
{ 6°42 10°3041 1°414192 +°000358052 +°0297799 


The point of maximum excursion is then given by 
#%=10°26373 or 2/l=°485373, 
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In the third mode x7, =38°453, 
u=C{4306°80 yr, (x) +°0290930 ¢,(z)}. 


We then have as corresponding values : 


2 x. 2, $, (2). p,(2). uC. 
5°12 ES OBS Ok ORS heal |g Fer elie +3°57988 

{B14 G:OU4omEr tet eee ele he oy be eae — °880662 
8°40 17°64 27°3792 — ‘000265556 — ‘347188 


8°42 17-7241 27-7838 + 000042188 + °989993 


The nodes are therefore given by 
¢ = 659477,  17-66184, 


z/l = 171502, —--459298. 
Again : 
a dd, ay, du 

2V x. op Ws ae ae io. 

{ 6°36 10°1124 1366543 — 000187291 — ‘766870 
6°38 1071761 — — +°0338437 
9°80 2401 12°2416 — 0000824478 +°'001051 
9°82 241081 12°4124 — ‘000123829 —°172201 


Hence the points of maximum excursion are given by 
2=10°17341, 24:01059, 
2l= +264567, "624414, 


Returning to the equation (27) 
u=O{p_1(#1)bo(z) —b-1(21) fo(2) $5 


we notice that when wv is small and 2, relatively great, the 
chief term in the expression is the second. Thus the posi- 
tions of the nodes, loops, and points of inflexion are given 
approximately by the roots of the equations 


d d? 
Wro(x) =0, cal =0, = =0, 
thatisby 


respectively ; the approximation being closer the higher the 
mode and the nearer the points in question to the thin end. 
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The degree of approximation is illustrated by the following 
tables. 


Nodes of wedge-shaped bar. 


Hirst MOC... es ese ane — — — 
Second mode............ 3°64662 — — = 
Phird amode: eees-e ee 3°67160 | 12:25816 — — 
Fourth mode ......... 367055 | 12°30668 | 2580624 — 


Roots of J,(2 ¥x)=0.| 3°67049 | 12°30461 | 25°87487 | 44°38026 


Points of Maximum Amplitude. 


First mode............++- == 49 a es 
Second mode............ 6:69001 ciao Lae iui 
AM ouhife Wit Vo\o ye Aeaengriataes 658993 | 17:91733 ~- — 
Fourth MOGG?. swerveees 659392 | 17°704387 | 34:07126 — 


Roots of J,(2 ¥x)=0.| 6:59366 | 17°71249 | 33°75520 | 54:78142 


Points of Inflexion. 


| 


inst mMOde.2c. axes ..c — == oe) 
Second mode............ 9°91236 — — 
Dhird moodle) 2484.54: 10°18901 | 23:21586 — 
Fourth mode ......... 1017609 | 23°84908 | 41°37971 


Roots of J,(2 ¥7)=0-| 10°17661 | 23:81939 | 42:34886 


6. Free-Free Bar. 
Since both ends of the rod are now free the conditions to 
be fulfilled at z=0 and z=/ are 


wr? =0, and 2. (oe! a) 0, 


which in our case reduce to 


: 204 
poe “=0, and © (an48 =) =0 
aa ( da 
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Applying these to (11). we have 


dh, we 
B 
A + = ime gey ot, 5 5(80) 
and 
Lp, dy, 
ATs +B dx? ==(), . * ° . ° (af) 


By differentiation of (7) and the use of (30) and (31) we 


obtain 
d Abn 
A Pn B 2 = | er nae eee omen 7) 


de \> Vass. 


which on being combined with (30) to eliminate A and B 
gives as the oo 4, to determine «x,, and therefore A, 


Pee dp, ay, =— 
@\ dx dx 
By a process similar to that which was applied to (19) we 
find that (33) is equivalent to 
2a fe ee 
~ (n+3)2(n+4) 1! (n+3)?(n+4)?(n+5)(n4+6) 


4 


(38) 


7 


F91(n+3)(n+4)%(n+5)(n+6)(n+7)(n+8) 


which if x is integral may be written 


= 
i | 


1 2 
~ (n+3)!(n+4)! 0 1! (n+4)!(n+6)! 
4 
sd phreiet o(BE) 


T 91 (n+5)!(n+8)! 
7. In the case of a wedge-shaped rod we have n=0. The 
equation to determine 2, is 
A= a a at x 
mena ipfatg! * Bratel” Sheriol ©: 
‘the lower roots of which are found to be 


12°757, = 27°755, 47°576, 72 294, 


d d 
Also u=C Hea: (2) +( Ge) we) \ - a eee) 
Phil. Mag. 8.6. Vol. 25. No. 145. Jan. 1913. H 


98 Mr. P. F. Ward on the Transverse 


I find that the positions of the nodes, points of maximum 
excursion, and points of inflexion are as follows :— 


First Mode (#,=12°757), 
u=Of{11-1754aho(#) +°0225089¢ (2). 


Tp 2/l. 
—_8°75507 294354 
Neds 29) “40-2560 804021 
Loop. 2o.5 | 632451 495768 
See fig. 4 : 
Fig. 4, 


Second Mode (@,=27°755). 
u=CO{138-4027yo/x) — 007820729 (2) }. 


x. 2/0. 
366834 ‘132169 
Nodes...... 12°41283 ‘447231 
23°56857 “849166 
pee 660227 ‘237877 
BS aera 17:32316 624146 
Inflexion... 1014996 365699 


See fi a5 
: Fig. 5. 
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Third Mode (#=47°576). 
u=C{1921-14ah,(a) +:0037978265(2) }. 


Lip 2/l. 
3°67067 ‘077154 
Pe 12-30104 ‘258555 
Shane cass 2600530 ‘546606 
41°71807 876873 
659346 ‘138588 
Loops ...... 17-727 14 ‘372606 
33-25672 “699023 
: 1017758 213923 
Inflexions.|  93.76647 499548 

See fig. 6. 
Fic. 6 


Fourth Mode (a@,=72'294). 
Uu= C{29003'1yo(x) — 00218216 (a) }. 


vis 2/0. 
3-67059 050773 
12°30482 170205 
Nodes...... 25°87013 357846 
| 44-46248 615023 
| 659377 091208 
1771200 245000 
Loops......  33.07604 467203 
54-03317 747409 
10'17658 140767 
Tndexions)-~ <apeeta7 «329509 
49-27130 584714 


See fig. 7 (p. 100). 
EH? 
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Fig. 7, 


8. To obtain the case of the conical rod we put n=1. 
The equation to determine 2, and therefore X, is 


1 x? a* x 
O- ays! i¥et7yl” aielol 317i 


the lower roots of which are 
17°416, 35:027, 57-380. 


Also we find ater { (J )eds(e) a (“in )etsla) } . CO 


It is found that the positions of the nodes and points of 
maximum excursion are as follows :— 


First Mode (#,=17°416). 
u= C{4°61034, (2) + °00382017¢4,(2) }. 


a EN he 
6°72715 386263 
Nodes............ 1468195 843012 
Toop. (sec. sade: 9°82786 564301 


Second Mode (#;=35°027). 
u=C{52°6544 (2) —:00103515¢,(2)}. 


Le 2/t. 
6:°59080 "188163 
INOdES < <6 o8i<ecn 17°86855 *5101388 
30°600380 873620 
L 10°18619 -290810 
oops Pee ee 93'°34072 ‘666363 


$=. 
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Third Mode (#,=57°380). 
u= C{664:841yr,(z) +:000414102¢,(x)}. 


— 


| ss ofl. 

6'59385 114916 

ai 17-°70786 "308608 
OES... cicsese. 33:93229 591361 
5129925 "894026 

10'17632 177349 

Loops Aiioninamacteee 93°83643 "4154138 
41°75737 ‘727735 


9. Free-supported Bar. 
Finally we may briefly notice the case in which the bar is 
supported at z=/. As before we have 


u=Ad,(«) + BY, (2). 


The conditions to be fulfilled at a supported end are €=0 
and wx?97/Qz?=0, which in our case reduce to 


u=0 and acc 


and therefore yield Ad,(#)+By,(z7)=0, . . . . (88) 
2 2 A 
and pe = +B ae sO sty algae tulle Gad) 


7 ee A and B from (38) and (39) we have 
d? nr d? n 
$n 73 a a a = ==), 
which if n is integral gives as the rainy: from which 2, 
and therefore \, is to be determined, 


1 x? nt 


0= 


(40) 
10. To obtain the case of the wedge-shaped bar put n=0. 
Equation (40) then becomes 


es 1 ae x 
eet ere 
the lower roots of which are 
10°902., 24°631, 43°204. 


(m+2)!(n+4)! Il(m+3)l(n+6)! | BImealin4sy! 
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I find that the positions of the nodes, points of maximum 
excursion, and points of inflexion are as follows :— 


! Node we 371776 341016 
First Mode. 
| hou yes. 6'43209 ‘589990 
366960 148981 
Nodes ...... 12:35145 501549 
Second Mode. 6°59750 °267853 
Dees er: 17-53168 ‘T1774 
Inflexion...|  10-16484 412688 
367062 084960 
Nodes’ ..:.. 12-30337 ‘284775 
2592098 599968 
659365 152617 
Third Mode. Loops ...... 17°71796 ‘410101 
33:56639 776928 
r 1017697 235557 
Inflexions.... 53.89996 550882 
Fig. 8. 
LEE EE IR Oe 5 AS RUN GOREED TE em 
et 
Fig. 9. 


The results for the first and second modes are shown in 
figs. 8 and 9. 
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11. The case of the conical bar is obtained by making 
n=1. From (40) we then have 


1 x? x au 


356 ier Sueter \ Aleta * > 
the lower roots of which are found to be 
1-405; 31°750, .52:858. 
The positions of the nodes and points of maximum 
excursion are found to be as follows :— 


t 2/l. | 
Wode 667792 433462 
First Mode. 
Lidge stad. | 9-94075 645252 
6°59220 207628 
Nodes ...... 17-79314 ae 560413 
Second Mode. at 

1018177 ‘320687 
Loops ...... | 3 23°55458 ‘741876 
6°59380 124746 
Nodes ...... 17°71046 *335057 
33°83296 640073 

Third Mode. cane oy Oe 
10: shes 192525 
Loops ...... 23°8270 ‘450774 
42: a "792925 

APPENDIX. 


Wave Motion in a Canal of Variable Section. 


Take the #-axis parallel to the length of the canal, and let 
S denote the area of a cross-section, 6 the breadth at the 
surface, and 7 the difference between the ordinates of the 
free surface in the disturbed and undisturbed states. The 
equation of motion is then 


Sa 5 2 (822) RBS ae eae 


ov b oz ez)’ 
or if n « cos (ot +e) {= (S82)+o%= Oud, eae 
7 0 da\ da 


* Lamb, Hydrodynamics, Art. 183 (4). 
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Consider the case of a canal of rectangular section, and let 
the depth h and the breadth 6 vary as 2” and 2” respectively. 
It ho and bo be the values of h and 6 at x=a, we have 


h=h(7) "b= bp (<) ; 
a a 

“ x DD 
=p hob( =) 


and therefore (2) reduces to 


1d m+n dn 2 2 
a? =) ien=0; | 2s 
where C=6 a] Gh, 
m ) ; i ml dn 
or B ag tmtnje oP +x'_=0. \ oe ae 
2—m 
Writing aaa = equation (4) reduces to 
CE OL oe 
emer ag) et 
where 2p= tans If we now write n=t/E" —* the equation 


2—m~ 
finally reduces to 
dt, ldt (dea) 

2 Ss Og 
which is a_ Bessel’s equation of order (p—#) or 
(m+n—1)/(2—m). 

n the case of m=2, the above transformations fail, but 
equation (3), which fhe becomes 


(9) 


Zz 
oot +(nt2)05" + x*y=0, 


is readily solved, being a homogeneous equation. It may 
be noticed, eeeever: that when m=2 the solution becomes 
infinite for «= =(), and therefore the origin must be excluded 
by means of a barrier from the stretch of canal considered. 

Returning to (5), since m and n are both necessarily 
positive, and the solution has to be finite at the origin, a 
complete solution for our purposes is 


t=Cd,,_s(«é), 


C Balt Agee’, 
or n= nn—I J iG (ae vy 2 ), «| Seen (6) 
x 7 


2 2-—m 
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where a numerical factor has been incorporated in the 
constant. If the canal be supposed to communicate at «=a 
with an open sea, in which a tidal oscillation 7 =A cos (ot + €) 
is maintained, we have on determining the constant in (6), 


2—m 2—m 
2 3 2 3 
Je erie (pee ) J nanet (ge i. (7) 
ee 2—m, 2—m 
a= m+n-1 Me sn! 
v 2 a Zz 


It is now of interest to consider some special cases of (7). 

(1) Let m=0, n=1. The depth now is constant and the 
breadth varies as the distance from the end «=0. Equation 
(7) then gives us 


Tian 
n= AS) 


(2) m=1, n=0. The breadth is constant and the depth 
varies as z. We then have 


cos (ot +e). 


Jo(2ea/ a) 
fs kl silt oa t+e). 
Jo (2«,/a) re te se 
(3) m=}, n=}. The breadth and the depth both vary 


— 


ets 7) 
Jo($«a5) 


(4) m=0,n=2. The depth is constant but the breadth 
varies as x?, We then have 


Ao x(xa) [Ja(wa) - 
ph /¢ 
But we know that J,(0)4/(37@):= sin@. Hence the above 


expression can be written 


sin sin Ka 
n=A at nee (ot+e). 


cos (ot+e). 


.cos (ot+e). 


KX 


This shows that » vanishes for «2=s7, where s is a positive 
integer. 

(5) m=1,n=43. The depth now varies as 2 and the 
breadth as ,/a. Hence we have 


TC /2) [iene Je ae 


ep a4 
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This may also be written 


(2 Dy 
JOS | 2K/ 2X) ‘nage 2k,/Q) bbs ORL 


Qea/ x 2ky/ a 


which shows us.that 9 vanishes for 2«,/a=sm, where s is a 
positive integer. 

(6) m=1, n=1. The depth and the breadth both vary 
directly as «. We then have 


peated (KCAL cos (at+6) 


(7) m=}, n=2. The depth now varies as ,/# and the 
breadth as 27. Hence we have 


J(4Kx?/*) JJ, (FKa3/* 
n=A nee | i ) cos (ot +e). 


(8) m=1,n=2. The breadth again varies as x” but the 
depth now varies as x. Therefore we have 


g=A ED a .cos (ot +e). 


We may note that if m=1, that is the depth varies as a, 
then equation (7) becomes 
2 
=A ed at ae Sal PEO) i 3 (nt +e). 


5 
| 
- 


X. A Variant Proof of the Distribution of Velocities in a 
Molecular Chaos. By Professor F. Y. Epgeworts, F.B.A., 
All Souls College, Oxford*. 


HE received proofs of Maxwell’s law involve the 
fundamental axiom of Probability, the stability of an 
average comparatively with its constituents. But the higher 
theory of Probability which deals with deviations from 
averages seems not to have been fully utilized. It follows 
from this theory that if there are a number of quantities 
from time to time assuming different values independently 
at random according to (almost) any law of frequency, then 
the average or sum or generally (almost) any linear function 
of these elementary quantities tends to fluctuate according 
to the normal (or “Gaussian’”?) law of frequency. The 
randomness attributed to the elements is not incompatible 


* Communicated by the Author, 
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with scientific order. The double aspect of law and chance 
is well illustrated by the sequence of digits in the develop- 
ment of mathematical constants when not periodical (and 
not conimensurate with the arithmetical radix). For example, 
below are a set of forty-eight figures whigh were obtained 
as follows. The seventh digit in the logarithms of 101, 
102 .... 125 respectively having been noted, there was 
formed the (algebraic) sum of the differences between each 
digit and the mean of digits taken at random, viz. 4:5 (=the 
sum of the observed digits —25 x 4°5); and this aggregate 
was divided by 5. The result, —1°9, having been recorded, 
another batch of twenty-five successive logarithms, beginning 
with that of 126, was similarly treated; and so on, for forty- 
eight batches of twenty-five elements, up to the logarithm of 
1300. It will be seen that the group of compound quantities 
corresponds approximately to a normal error-curve for which 
the mean is zero and the mean-square-of-deviation, 8°25. 
Thus, whereas the modulus is 4062, there ought to be half 
the total number of observations between the limits + 1°94 
(='4769 modulus); and four-fifths of the total number, say 
thirty-eight or thirty-nine, between the limits +3°7 (=*906 
modulus). In fact half the observations lie between —1°9 
and +1°7; forty observations lie between + 3°7. 

The negative deviations from the Mean (zero), rearranged in 

the order of magnitude, are : 


Pe 19D 9,00, 2°ty 2h Dy 2:9, 255, ide 24, 1-9, 
1:9, 1:7, 1°7, 1°5, 1:3, 1°3, 1:3, 1°3, 1-1, °9, °3. 

The positive deviations from: the Mean (zero) are: 
‘1, +1, “1, °3, °5, °5, °7,°7, °7, °9, 11, 15, 1°5, 
RA) lO, 260, 2s 2 oe OD, ao, Ol SB, DOs OO. 


The character of the group would not have been sensibly 
altered if, instead of 25, we had used any other (tolerably 
large) number m, and divided the sum of deviations by /m. 
The correspondence with the normal law of frequency would 
be more perfect the larger m was; but the mean would still 
be zero, and the mean square of deviation 8°25. Nor would 
these characteristics be affected if we multiply any two 
assigned elements (e. g. the first and last) in each batch by 
72 sin 8 and v2 cos 6 respectively. It comes to the same if 
we attach the sine and the cosine not to any assigned pair of 
elements but to any pair at random in each batch. Instead 
of sin @ and cos@ we might employ sin 20, sin 30... cos 20, 
cos 30... or their equivalents in terms of sin @ and cos 6. 
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More generally, if 1, m,n... being any r (finite, not very un- 
equal) factors with sum of squares equal to 7, are sporadically 
attached to different elements in the successive batches, this 
modification of the elements will not sensibly alter the law 
of frequency for the compound. If the system of elements 
thus modified is similarly sprinkled with another, and another, 
set of similar factors, w,v..., the character of the compound 
still persists. 

To apply this theory, let us begin by supposing the molecules 
to be perfectly elastic equal spheres. And let us simplify 
enunciation by conceiving a molecular chaos in two dimen- 
sions—as it were an enormous number of perfectly elastic 
billiard-balls repeatedly colliding with each other as they 
dash about at random over the smooth surface of an immense 
billiard-table with perfectly elastic cushions (compare Jeans, 
‘Dynamical Theory of Gases,’ p. 4). The centre of gravity 
of the system may be supposed to be at rest. Let it be 
granted (a) (as usual, in accordance with the fact that the 
pressure of a gas at rest is equal in all directions) that the 
mean square of velocities resolved along each of two rect- 
angular axes, OX and OY, is the same, (0) that there is 
reached a stable distribution of velocities, the same for 
velocities in either direction. Then, if possible, let that 
final law of frequency be other than the Gaussian law. At 
any time, T, after the state of complete chaos has been 
reached, consider the collision of two molecules of which 
the velocities are respectively (resolved in the direction of 
the two axes) ws, vs and w, v4; quantities which may be 
regarded as taken at random from the melange to which the 
final law of frequency is supposed to apply. The velocities 
after collision will depend not only on the velocities before 
collision, but also on the direction of the line joining the 
centres of the spheres at the moment of contact. Say that 
line makes the angle 0 with the axis OX. Then the velocities 
of the ball, which before the collision were ws vs, become 
after coilision 


us! = (uz cos +r sin 8) cos + (us sin O—v, cos @) sin @, 


v5 =(u; cos 8+ % sin 8) sin O—(us sin @—vs cos 8) cos 8. 


Likewise the expressions for 2,’ v;' are linear functions of 
the four velocities before the collision. Also other pairs of 
colliding particles acquire similarly compounded velocities. 
Thus after numerous collisions the velocity of a molecule in 
either direction may be regarded as a linear function of 
elements distributed according to a definite law of frequency, 
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and affected with factors such that the mean of the com- 
pounds is zero, while their mean square of deviation is 
constant. Therefore (as in the case of our digits sprinkled 
with sines and cosines) the final velocities (with mean and 
mean-square-of-error which will not be altered by continued 
collisions) will be distributed normally. The distribution at 
the time T was either not final, or not different from the 
normal. 

It comes to the same if we place the epoch T before mole- 
cular chaos has been set up; and regard the w’s and v’s of 
colliding molecules as elements taken at random from an 
initial distribution of velocities which may be as different 
from the normal frequency as the distribution of digits (less 
by 4:5) above instanced. By parity of reasoning in the 
course of repeated collisions the system will work down to a 
stage in which the velocities are distributed according to the 
normal law. It may be observed that in this view of the 
proof the postulate (b) is replaced by one referring to an 
initial stage. 

The reasoning is readily adapted to molecular motion in 
three dimensions; and to cases in which the centre of gravity 
is not at rest. The reasoning may be extended to molecules 
which are not spherical and not perfectly elastic ; provided 
that the velocities consequent on repeated encounters continue 
to be (at least approximately) linear functions of the com- 
ponent velocities. When the mixture of molecules is not 
complete, as the stage of perfect chaos is being approached 
but is not yet reached, there is presumably fultilled that 
approximation to the normal law of frequency which has 
been described as the Generalized Law of Error (see ‘“‘ The 
Law of Error,’?’ Cambridge Philosophical Transactions, 1905, 
and “ The Law of Great Numbers,” Journal of the Statistical 
Society, 1906, by the present writer). \// 


XI. Note on the Conduction of Heat along a Pipe through 
which Gas is Flowing, tn its Relation to Measurements of 
the Specific Heats of Gases. By W. F. G. Swany, D.Sc., 
A.R.C.S., Assistant Lecturer in Physics at the University 
of Sheffield *. 

A FEW years ago the author measured the specific heats 

of Air and Carbon dioxide at constant pressure, and 
the results, which have since been confirmed by other 
investigators f, and which agree to one part in a thousand 


* Communicated by the Author, having been read at the meeting of 
the British Association, 1912. 

+ Dugald Clerk, Report on Gaseous Explosions, B. A. Report, 1910 ; 
Scheele and Heuse, Ann. d. Physik, vol. xxxvii. Dec. 29, 1911. 
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with the theoretical value calculated from J. Joly’s measure- 
ments of the specific heat at constant volume, give the specific 
heats of these gases about 2°5 per cent. higher than the 
values found by Regnault and many other investigators who 
followed him. In view of the great care with which 
Regnault’s experiments were performed, it is natural, 
accepting the modern values as correct, to look for the 
explanation of the discrepancy as the outcome of some error 
inherent in the method adopted by Regnault. In my paper 
on the Measurements of the Specific Heats of Air and 
Carbon dioxide*, I advanced a suggestion to account for 
the error, and the object of the present paper is to record a 
simple experimental verification of that suggestion, and, 
incidentally, to point out how the error (which is a large 
one) may be estimated in any similar experiment in which it 
occurs. 

Reviewing briefly the point in question, it will be re- 
membered that in Regnault’s experiments the alteration A@ 
in the temperature of the calorimeter per minute due to 
radiation and to conduction through the pipe connecting 
the calorimeter to the heater, was written in the form 
4d=A—BO, where @ is the excess of the temperature of the 
calorimeter over that of the room. The term A corresponds 
to the heat conducted through the connecting pipe from the 
heater to the calorimeter, and B@ to the heat loss by radiation 
from the calorimeter. Hach of these terms corresponded to 
about 5 per cent. of the total energy supplied to the gas per 
minute. Regnault measured the constants A and B by noting 
the rate of rise of temperature of the calorimeter before and 
after the gas had passed through it. The error in question 
arises in assuming that the constant heat conduction through 
the pipe is the same when gas is flowing as when no gas 
is flowing. Jn fact, the hot gas keeps up the temperature of 
the pipe in the vicinity of the heater, and reduces the 
temperature gradient there. The result is that less heat is 
conducted from the heater into the pipe when the gas flows 
through, than when no gas is flowing. Of course, a great 
deal of heat is conducted by the pipe into the calorimeter 
when the gas is flowing, but the greater part of this comes 
from the gas itself. The fact that the average temperature 
of the pipe is higher when the gas is flowing also results ina 
greater radiation loss from the pipe. This error acts in the 
same direction as the other. 

In the present experiment the gas was passed through a 
wide brass tube packed with copper gauze, and immersed in 
a heating bath provided with a stirrer. The wide brass tube 


* Phil. Trans., A. vol. cex. pp. 190-238. 
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was continued into a copper tube 0°8 mm. in diameter, which 
passed through the wall of the heating bath and into a vessel 
of cold water which corresponded to the calorimeter of 
Regnault’s experiment. The length of the pipe from heater 
to calorimeter was 10 cm., and the portion near the heater was 
surrounded by cork. The object of the experiment was to 


measure at =), , the temperature gradient in the pipe in the 
vicinity of the heater when gas flowed, and the gradient 
—(5), when no gas flowed through the pipe. Apart from 
certain minor considerations which will be referred to later, 


=) | (=) represents the fraction of the measured heat 
@/ 1] \ 82s 

conduction which should be taken if the apparatus were used 
for a specific heat determination with the corresponding rate 
of flow, and the heat conduction were measured in the manner 
adopted by Regnault. 

If two german-silver wires are soldered to the copper tube 
near the heater, and connected to a galvanometer, we have a 
complete thermoelectric circuit, the german-silver being one 
element and the copper tube itself the other. The ratio of 
the deflexion 6, when gas flows to the deflexion 6, when no 
gas flows, gives the ratio of the temperature gradients referred 
to above. As a matter of fact, seven german-silver wires 
were soldered at different points extending to the end of the 
cork, 7. e., about half-way along the tube, and the deflexion 
corresponding to each adjacent pair was measured under the 
two conditions. The results were found not to vary very 
much with the rate of the flow, when that rate exceeded a 
certain minimum. The following results represent the mean 
for two experiments which agreed very well with each other, 
and corresponded to a rate of flow of about 0°5 litre per 
second. The numbers in the top line represent the various 
pairs of german-silver wires (counting from the heater) 
between which the temperatures were measured. 


1,2 2,3 3, 4 4,5 5, 6 6, 7 | 


Values of 6, ...| 541 | 41:7 | 415 | 402 | 332 | 367 


Values of 0, ...| 33°3 21:0 18°7 23°0 17°5 | 22-2 


(ee ee ee eee 
i 


Values of 0,/8,. 0°621 | 0503 0-450) 0572] 0527) 0-605 
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Great regularity cannot be expected, because the results 
depend to some extent on the closeness of fit of the cork, &c. 
The values of 8,/8, are considerably less than unity, as 
anticipated. Of course, if the temperature gradients had 
been measured farther along the pipe, i.¢., nearer to the 
calorimeter, we should have found values of 6,/6, greater 
than unity, for this ratio can only be diminished near the 
heater at the expense of being increased elsewhere. 

By summing up the various differences in temperature, we 
can draw two curves illustrating the variations of temperature 
along the pipe for the two cases. These curves are shown in 
the figure, the temperatures being on the thermocouple 


| 


Curve A corresponds lo lee case where gas flowed, _} 


Curve B corresponds. lo the case where no gas flowed 


‘aunqoiad w9) ay) i San] va 9227079Y 


2Z & 5 
Distance along pipe on Cms 


scale. The temperature corresponding to the calorimeter is 
at some unknown distance below the origin. If # represents 


2 
a distance measured along the pipe a is proportional to the 
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heat loss per square centimetre from the sides*. At the 
point C on the curve = =(), which means that at C the pipe 
is gaining as much heat from the gas as it is losing by 
radiation from its surface. At points to the left of C Ee is 
positive, meaning that the pipe in this region is taking less 
heat from the gas than _ is radiating from its surface. At 


: ao. : : : 
points to the right of ©, de negative, meaning that, owing 


to the greater difference in temperature between the gas 
and the pipe and the lower temperature of the latter, 
the pipe is taking in more heat from the gas than it is 
radiating from its surface. The smallness of the supply of 
heat from the gas to the pipe in the immediate vicinity of the 
heater results in 6,/6, for that region being larger than it is 
a little farther along the pipe. On the other hand, at greater 
distances from the heater 6,/6, starts to increase again, since 
the pipe must enter the calorimeter at the temperature of 
the latter. The minimum value of 6,/6, is to be found neither 
too near nor too far from the heater. 

Now let us consider what fraction of the constant A 
occurring in Regnault’s correction formula should be taken 
in a specific heat determination with the present apparatus. 
Consider any point P of the pipe. Let H be the heat con- 
ducted past this point per minute when no gas is flowing, and 
let AH be the amount which is radiated from the pipe between 
P and the calorimeter. The amount of heat entering the 
calorimeter is H—AH. When gas flows through the pipe, 
the amount of heat conducted past P per minute is H6,/6,, 
and since the average temperature of the pipe between P and 
the calorimeter is higher than when no gas was flowing, the 
amount of heat entering the calorimeter exceeds that which 
the gas has lost in its fall in temperature from the heater to 
the calorimeter, by an amount which is less than H6,/6, —-AH, 
and is therefore certainly less than (H—AH)é6,/6,. Hence 
the ratio of the amount of heat which gets from the heater to 
the calorimeter solely through the pipe when the gas is 
flowing, to the quantity which gets through when no gas is 
flowing, is certainly less than the minimum value of 6,/6, for 
the whole pipe, which in the present case amounts to about 
0°45. It is interesting to observe that this is just about the 
value necessary to bring Regnault’s experiments into agree- 
ment with my own, though, of course, no great significance can 

* It is supposed that the pipe is thin-walled, so that there is no 
appreciable radial temperature variation. 


Phil. Mag. 8. 6. Vol. 25. No. 145. Jan. 1913. E 
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be attached to this, in view of the fact that in the present 
experiments I have made no serious attempt to reproduce 
Regnault’s conditions. A measurement of the minimum 
value of 6,/6, on the apparatus actually used by Regnault 
would probably, when used in conjunction with the values of 
A and B, found by him, cause his observations to lead to 
values of the specific heats much nearer the values now 
generally accepted *. 

It may be remarked that in such an experiment as that of 
Regnault, a knowledge of the temperature distribution along 
the pipe would lead to an estimation of the correction for 
radiation from the pipe, as well as conduction through it, 
without any independent measurements of the emissivity of 
the surface, for suppose suffix a refers to the heater and 
suffix 6 to the calorimeter, and suppose that dashed letters 
refer to the case where no gas flows, and undashed letters 
to the case where the gas is flowing. If H is the total heat 
given out by the gas per minute due to its fall from the 
temperature of the heater to that of the calorimeter, Q the 
heat received by the calorimeter per minute, including the 
portion which is afterwards radiated from the calorimeter, 
@ the mean excess temperature of the pipe above its sur- 
roundings, as determined from the curve, p the quantity by 
which @ must be multiplied in order to obtain the heat 


radiated from the pipe, and & the quantity by which — - 
must be multiplied in order to obtain the heat conducted past 


any cross-section of the pipe per minute, we have, when gas 


is flowing, 
dé (dé = 
Hi) =Q-(7,), +75. 
When no gas is flowing through the pipe we have, 
do\ 3 (dO. 
-(7,). +) p00 is SO RS Re (2) 
dé\' 
—HT) AM 7 Ses 


where A is Regnault’s constant, measured in the manner 
adopted by him and M is the thermal capacity of the calori- 
meter and contents. The temperature gradients are all known 
from the curves, thus (3) gives‘, pis obtained by substituting 

* The alteration of the radiation from the pipe caused’ by the flow in 


Regnault’s experiments was probably small, as owing to the short length 
of the pipe the whole radiation would be small. 
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in (2), so that all the quantities required by (1) in order to 
give H in terms of the measured quantity Q are known. Q 
has of course to be corrected for radiation from the calori- 
meter, but this presents no difficulty. The constant B 
eccurring in Regnault’s correction formula is correctly 
determined by his method, and is not affected by the flow. 
It is quite easy to extend the above argument to the case 
where the connecting pipe really consists of two pipes of 
different materials, as in some of Regnault’s experiments. 

_ Physical Laboratory, 


The University, Sheffield. 
Oct. 18, 1912. 


XII. The Photoelectric Properties of Thin Films of 
a IJ. By J. Rosinson, M.Sc., Ph.D.* 
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Introduction. 


1. ‘i was shown by Stuhlmann* that the photoelectric 

effect of thin films of different metals deposited on 
quartz depends on the thickness of the film, and on whether 
the film is on the side of the quartz facing the light (incident 
effect), or on the side away from the light (emergent effect), 
He measured the ionization currents in air, and found that 
when the films are thin enough the ratio “mane (tT ) 

incident \ [ 

currents is greater than unity, and for thicker films less than 
unity. Tor thin films the ratio is constant and equal to 1:14 
for platinum. 

In a former paper by the writer t it was shown that this 
dissymmetry observed by Stuhlmann can be separated into 
two quite distinct effects, as regards (1) the velocities of the 
electrons emitted, and (2) the actual numbers of electrons 
emitted. The films were deposited at a low pressure, and 
then a liquid-air vacuum was established and measurements 
made as quickly as possible afterwards. In this way it was 
hoped that true values for the velocities would be obtained. 
For both the photo-currents and the maximum velocities of 
the electrons, similar curves to that of Stuhlmann for the 


ratios (7) ionizations were obtained as the thickness of the 


I 


% Communicated by the Author. An account of part of this paper 
was read at the British Association Meeting at Dundee, September, 
1912. 

+ Phil. Mag. Aug. 1910, p. 331. > 

J Phil. Mag. April 1912, p. 542. 
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film was altered, i.e. for thin films the emergent velocities 
and currents were larger than the incident velocities and 
currents, and vice versa for thick films. It was also found 
that the dissymmetry for the velocities was not so marked as 
for the currents. 


2. The present investigation was undertaken to get more 
knowledge of these effects. The points investigated fall 
under the four heads :— 

(a) There is a certain thickness of film for which the ratio 


T currents=unity, and also a thickness for which 


velocities=unity. It was desired to find whether 
for the same source of light these two thicknesses of 
? film are the same. 

(6) The variation of the actual magnitude of the photo- 
current (incident and emergent) was investigated 
for different thicknesses of film. 

(c) Whether the dissymmetry is a function of the actual 
magnitude of the velocity of the emitted electrons. 

(d) Whether the angle of incidence and the orientation of 
the plane of polarization of the light influences the 
dissymmetry. 


3. Apparatus. 


The apparatus used was similar to that described in the 
forementioned paper. Modifications were introduced to 
make still more sure that the effect of reflected light was 
reduced to a minimum, and that the film was uniform. 


Fig. 1. 


Ss 
K B 
mi, ; a =F 
G mie 2 
| K 
4 N 
M 
These improvements consisted in making the tube KK 


(fig. 1) wider (7 cm. diameter), the inlet for the light 
narrower, and the platinum electrode G larger. As before 
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the walls of the vessel were coated with platinum before 
commencing the actual experiments, and the potential of the 
walls controlled by the wire M which was made to touch the 
platinized walls. The quartz plate A was 1:5 mm. thick, 
and 2°5 cm. long by 2 cm. wide. It was attached rigidly 
to the rod B, insulated by an amber plug C, and was 
capable of rotation about B as axis by the ground joint 8. 
To deposit a film on the quartz plate A, the platinum 
electrode G was moved up to a fixed distance of 1 inch from 
it, and a discharge passed from an induction-coil, using G as 
cathode and an insulated wire at N as anode. This was 
done at a low pressure, and in most cases before depositing 
the discharge was passed for a few hours with G far 
removed from the quartz plate A which was placed with 
its plane parallel to the axis of the tube KK. This pre- 
caution was taken so as to get rid of any impurities on the 
surface of the platinum electrode, and to get it into the 
condition that it has stopped giving out gas*. The gas 
given out by the platinum was pumped away by a Gaede 
pump, and only when the amount given out per minute was 
small was a film deposited. 

After depositing a film, a liquid air vacuum was obtained 
and measurements made. Then the film was thickened 
slightly and the measurements repeated, and so on till the 
film was so thick that the emergent effect was small. 

Hlectrical contact with the film was made by first of all 
depositing a thick film of platinum on one end of the quartz 
plate. Tinfoil was laid over part of this, and the plate 
held firmly in a clamp which was soldered to the rod B. 
Platinum was deposited over this whole system. In some 
experiments the edge of the plate was silvered instead of 
being thickly coated with platinum. 

The tube EE to admit the light was narrow so that light 
fell only on the centre of the film. 

The rod B was connected in the ordinary way to one pair 
of quadrants of a Dolezalek electrometer. Measurements 
of the velocities of the electrons were made by earthing the 
walls of the vessel and finding the maximum potential 
acquired by the film. In some cases the velocities were 
also measured by finding the retarding potential that must 
be applied to the walls to prevent a photoelectric leak. 
The currenis were measured by charging the walls to 
a potential of + 60 volts. The quadrants were joined 
through a high resistance of xylol and alcohol of 10’ ohms f, 


* Hodgson, Phys. Zeit. 1912, p. 595. 
+ Campbell, Phil. Mag. Aug. 1911, p. 301. 
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and the steady deflexion read. Oncertain occasions this high 
resistance was dispensed with, and the leak measured directly. 

As source of light a quartz mereury lamp was used. For 
some experiments a spark was also used. 


+. Corrections for Velocity Measurements. 

Some attention has recently been given to accurate 
measurements of the photoelectric velocities. Hughes * has 
shown that by distilling metals in vacuum, velocities can be 
measured accurately, and quite free from the errors intro- 
duced by surface films. [or the purposes of the present 
investigation, the method for obtaining films, that of 
sputtering, is preferable to the distillation method, for it is 
easier to estimate the thickness of sputtered films, and 
possibly they may be of more uniform thickness over the 
whole of the quartz plate than if they had been distilled. 
An objection might be raised to the method of sputtering 
because the electric discharge may cause some kind of 
polarization of the film. Hughest refers to such an 
influence of the discharge on thick electrodes, where it is 
possible to increase the maximum potential attained under 
exposure to light by using the electrode as a cathode in a 
discharge for a short time. 

In the present experiments consistent values for the 
maximum potential were obtained for any one film. The 
velocities generally varied from film to film, but with very 
few exceptions they ranged from 2:3 to 2°9 volts. These do 
not differ much from the velocities given by Hughes for 
most of the metals that he distilled, and as he proved that 
the distillation method gave films free from gas layers, we 
are justified in concluding that the present method achieves 
the same result. 

It is not in the scope of the present work to investigate 
the actual distribution of velocities, although the apparatus 
was designed in such a way as to make this possible if 
necessary. A disturbing factor in such investigations, and 
as was suggested by V. Baeyer ¢ also in velocity measure- 
ments, is the reflexion of electrons from the walls of the 
vessel. If this has to be taken into account, we must know 
how the emission of photoelectrons depends on the angle of 
emission. Hughes§ came to the conclusion that the 
emission is the same for all angles, but this is not in 
harmony with some measurements made by the writer on 

* Phil. Trans. A, vol. 212. p. 205 (1912). 
+ Proc. Camb. Phil. Soc. xvi. p. 167 (1911). 


t Verh. d. deutsch. Phys. Ges. x. p. 96 (1908). 
§ Loe. cit. 
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different metals *. It was shown that the greatest emission 
is normal to the electrode, and as the angle increases the 
emission diminishes. This point need not be considered 
further with regard to the velocity measurements, as it 
seems unlikely that reflected electrons can alter the 
maximum potential attained by the radiated films fT. 


ie 3) 
5. Measurements of the Ratios = . 


I 


The results for’ one series of experiments to find how 


the ratios = currents and E velocities vary with the 


I 
thickness of the film are shown in Table I. The relative 
TABLE I, 
Thickness | E — velocities 
of Bilin. i currents. i 
| (in volts). 

40 seconds ............ Sih 1071 
80 “sf B cee 1:281 1041 
120 = te 1°154 1:022 
200 ys . ee 1:063 1:033 
360 ol hag) Re ee 0-787 0:977 


EMERGENT 
/NCIDENT 


&0 160 c40 320 400 Secozas 
THICKNESS oF FiLm 


thicknesses of the films are given in terms of the time of 
deposit. The results of this table are shown graphically in 
fig. 2, where the ratios = currents and T velocities are 


* Ann. der Phys. Bd. xxxi. p. 791 (1910). 
+ Ladenburg, Phys. Zeit. vill. p. 590 (1907) ; Hughes, loc. cet. 
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both plotted as ordinates against the thickness of the film. 
The two curves pass through the ratio unity together. The 
larger dissymmetry for currents than for velocities is well 
marked. — 

In order to determine more accurately whether the curves 
actually do pass through the value unity together, the results 
for a number of series of experiments are given together in 


Table II. The films are numbered in the order in which they 


TaBueE IJ. 
E i Jociti 
Number of Film. — currents. ap ye ln ee 

é (in volts). 
LC cane eel 1:071 
Ghee fe Cae 1-281 1-062 
Tae ae ee 1°281 1:042 
EN i oR i tee 1°259 1049 
6 ak lez 1:035 
Othe sity astee. 1-200 1-020 
Agi See eaes 1°185 1:030 
RST WR eee Ce 1°154 1:022 
to, Olea ek aye ie 1116 1:014 
PAG haa 1:063 1-033 
S10 ie ee 0:870 0-980 
Pothier 0°787 0-977 
PEN cas ene 0:570 0-915 
Athy Sas epee 0°540 0-903 
DS ate mAmhn) ter 0°206 0:784 


£. VELOCITIES 


0-2 0-4- 0-6 E 0-8 1-0 1-2 4: 
T CURRENTS 
ma 
were made. In fig. 3 the ratios T currents are plotted as 


abscissee and. the corresponding ratios T velocities as 
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ordinates. A smooth curve drawn through the points is 
found to pass as nearly as possible through the point 1, 1 
Hence we find that the ratios = currents and = velocities 


are unity. for the same thickness of film. 


6. Actual Magnitudes of the Photo-Currents. 


No attempt was made in the experiments just described to 
compare the actual magnitudes of the photo-currents for 
different film thicknesses, but it was noticed that these 
currents were certainly not proportional to the thickness of 
the film. Attention was now directed to this point. It was 
found to be unnecessary to correct for any variations in the 
intensity of the mercury lamp used, as this formed a very 
constant source of ultra-violet light. From a large number 
of experiments the same general results were obtained. A 
typical set is given in Table III. The emergent and incident 
currents are both plotted against the thickness of the film in 
moe A (p. 122). 


Tape LET, 
Photo-Currents. 
Thickness hint. 
of | E 
Film. Emergent Incident sy 
HK. | I, | 
20 seconds ......... 54 Sie Meleay 
AOA net it 6-5 ee a 
CO ge Wien eae Wie Wis Sr enya: P beapelay.| 
100 aaa Ae Mere ae 378 510 | Ay 
140 SOY eae oe: 230 197 | 1:16 
SO ea tr, oe! 198 arson SF0) | 1:10 


The most striking point about these results is the sudden 
increase in current at a certain thickness of film. An esti- 
mate of this thickness was obtained in the following way :— 

After the photoelectric measurements were completed, the 
discharge was passed for a definite time to obtain a thicker 
film for which the specific resistance is known fairly accu- 
rately *. The resistance of this thick film was measured and 
its thickness calculated, making use of Paterson’s values. 
From the relative times of deposit, the thickness of the film 


* Paterson, Phil. Mag. iv. p. 652 (1902). 
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at which the sudden increase in current takes place was 
found to be 10-7 em. 


Fig. 4. 
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Another point of interest is the decrease in the magnitude 
of the currents for films thicker than 1077 em. It was at 
first thought that this diminution was spurious, and that it 
was due to the films beginning to absorb any traces of gas 
left in the apparatus. The consistency with which this 
effect was obtained in later experiments leads to the belief 
that it is not spurious, and that it is in some way connected 
with the sudden rise in current preceding it. 

Still another point of interest is the fact that for films 


thinner than 10-‘ cm. the ratio - currents is practically 


constant, and that it only begins to diminish when the sudden 
rise in the actual magnitude of the currents takes place. 


{ 
7. Maximum Values of the Ratio y. 
The constant value of the ratio = currents for films 


I 
thinner than the critical thickness 10-7 em. was well marked 
in all the experiments performed. This ratio was found here 
_ to be at least 1°22, whilst Stuhlmann did not obtain experi- 
mental values greater than 1°14. This difference is so con- 
siderable that it was necessary to inquire whether there was 
some flaw in my apparatus. One of the films which gave a 
ratio 1:26 was taken, and the conditions of the experiment 
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altered in various ways to find whether the ratio could be 
changed. Measurements otf if currents were made :— 

1st. With the apparatus as already described, just after 
depositing a film. 

2nd. At atmospheric pressure, and at various pressures 
down to a liquid-air vacuum. 

3rd. By varying the potential of the walls, but so as to be 
always high enough for the current to be on the 
part BC of the distribution curve. 


Fig. 5. 


B ae 


4th. After standing in air for a few days. 

5th. After removing the platinum electrode G from the 
apparatus altogether to find whether light reflected 
from it had an influence. 

6th. With the platinized walls covered with soot to be 
absolutely sure that reflected light from the walls 
had no influence. 

None of these modifications produced any appreciable 

change in the ratio 1°26, so that the conclusion can be drawn 


that this maximum ratio : can have larger values than 1°14 
given by Stuhlmann. 


8. Influence of different sources of Light. 


It was at first intended to investigate the influence of the 
wave-length of the light used on the dissymmetry. Itis very 
probabie that this has some influence, for the velocity of the 
photoelectrons depends on the frequency. Millikan* has 
recently shown that there is a method for varying the velo- 
cities of the photoelectrons which gives much wider ranges 
than can be obtained by sifting out the different frequencies 
from a mercury lamp. Whilst the are can only produce 
velocities up to about 3 volts, by using a spark as source of 
light, velocities can be obtained as high as 500 volts. If the 
velocities of the electrons affect the dissymmetry, this will be 


* Verh. d. deutsch. Phys. Ges. No. 14, p. 712 (1912). 
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detected most quickly by comparing the effects due to the 
light from a spark and from a mercury arc *. 

A spark was obtained between brass terminals, and was 
excited by an induction-coil through the primary of which 
an alternating current was sent. The capacity in parallel 
with the spark-gap was varied, and Millikan’s results verified 
that in this way the photo velocities could be altered con- 
siderably. Thespark-gap was arranged between the mercury 
lamp and the photoelectric cell so that the photo-current 
from each could be measured at will. The intensity of light 
from the spark was also very constant so that no corrections 
for variation in intensity were necessary. A  liquid-air 
vacuum was not obtained, but the pressure was kept as low 
as possible by a Gaede pump. ‘The orders of the velocities 
obtained were 1—2 volts from the arc, and 50 volts from the 
spark. 

: A whole series of films was investigated as in the preceding 
sections, and the photo-currents (incident and emergent) 
measured for each source of light. In Table IV. the actual 


Tapia PV: 
Arce. Spark. 
Thickness 
of | 
Film. | Currents. cen 3 Currents. E 
E if ae E Hf he 
90 euéonda:.4in 18 2 116 2 15 | 1-27 
AO ea iis ad 4 Mie! Vigne 2 
GOL ae 37 32 | 1-16 32 27:11:20 
BO pn) Sahil SO 480 | 117 185 148 | 1:23 
AO es Ma hs RAED 430 | 1024; 128 119 | 1075 
TAO! rake) Bad 250 310 0-79 84 99 | 0:85 
SS Se eS | oqo 
Velocities. | E Velocities. | E 
E. 2) aL io i iodide fic. 5 
140 seconds ...; 1°5 Volt. | 1°8 | 0°83 | 51 Volts. 54 0°94 


magnitudes of the currents are given 1n seale-divisions of the 


electrometer, as well as the ratios — currents. The results 


I 


* In making measurements on this point, I was assisted by Mr. J. W. 
Buckley, of Sheffield University, to whom I express my best thanks. 


Wrocnlier 
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are plotted to show the influence of the thickness of the film 


on 
(a) The actual magnitude of the currents (fig. 6) ; 


(b) The dissymmetry (fig. 7). 
Fig. 6. 
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_ From fig. 6 it is seen that for both sources of light there 
1s a certain thickness of film for which the photo-current 
begins to increase rapidly, and that this thickness is the same 


CURRENT 


EMERGENT 
/NCIDENT 


40 80 120 ise Seconds 
THICKNESS OF FiLM 
for both sources. The relative increase in current is larger 
for the are than for the spark. As before, a diminution of 
the photo-currents sets in after the sudden increase. Fig. 7 
shows that the dissymmetry is obviously a function of the 
velocity of the electrons emitted, and that the larger the 
velocity, the larger is the dissymmetry. Other inférences 
that can be drawn from these results are :-— 
(a) The thickness of film which makes the emergent 
current equal to the incident is greater the greater 
the maximum velocity of emission. 
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(6) Although the velocities are only given for one film, the 
dissymmetry is not so marked as for the currents. 


(c) The maximum value of the ratio Z currents for the 


arc 1s now smaller than in the preceding experi- 
ments, and now they agree more nearly with the 
value given by Stuhlmann. As the apparatus was 
not altered at all, we must conclude that the films 
are modified by allowing the spark radiations to fall 
on them, and in such a way as to diminish the ratio 

a as measured with the are as source of light. 

9. Influence of the angle of incidence and the orientation 
of the plane of polarization of the light on the 
dissymmetry. 

In the experiments described up to the present only normal 
incidence of light was used. If the apparatus described is 
used for oblique incidence, then more attention ought to be 
directed to the influence of reflected light. Because of this, 
only measurements of the photo-currents were made, and no 
attention paid to the velocities. The walls of the vessel were 
blackened and kept at a potential of +60 volts. To polarize 
the ultra-violet light, Prof. W. M. Hicks kindly placed a 
calcite polarizer at my disposal. 

The actual magnitudes of the currents were found to 
increase slightly as the angle of incidence was increased up to 
45°, whether total light or light polarized parallel to or per- 
pendicular to the plane of incidence was used. On the 
other hand, it was not found possible to establish an influence 
of the plane of polarization on the dissymmetry, as Table V. 
shows. The variations are small and irregular, so that they 
are most probably due to experimental errors. 


TABLE V. 
Emergent ke | 
Thickness Angle Therdent Currents. | 
co) of 
Film. Incidence. 
E |i EL | 
<10~! cm. 0° 1:14 1:15 | 
32° ils 1:145 | 
>1077 em. 0° 0°85 0:83 | 
32° 0°84 0°85 | 
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Discussion. 


10. If we wish to explain the variation of the magnitude 
of the photo-current with the thickness of film, we must also 
take into account some results recently given by Dyke* on 
the variation of the photo velocities with the film thickness. 
His results are given only for the incident effect. Velocity 
measurements involve so many difficulties that no regular 
curves were obtained, but a general statement of Dyke’s 
results is that for films thinner than 10~‘ cm. the velocities 
are high, and for thicker films much lower. This thickness 
10-7 em. is also a critical thickness for the velocities, which 
undergo a sudden decrease here. 

We will consider the merits of certain possible explana- 
tions of these photoelectric phenomena at the thickness of 
film 10-7 em. 

(a) It was shown by Paterson + that the specific resistance 
’ of thin films of platinum depends on the thickness. As the 
thickness diminishes from 10~° cm. the specific resistance 
remains fairly constant till the thickness 10~‘ em. is reached, 
when it begins to increase rapidly. As this sudden change 
in specific resistance occurs for the same thickness as the 
change in the photoelectric effects, it might be suggested 
that the high resistance of films thinner than 107’ em. 
accounts for the small values of the photo-currents observed. 
This is, however, improbable, for when measurements of the 
current were made by the leakage method no lag of the 
electrometer needle was observed, and such would certainly 
have been observed if the films had an enormously high 
resistance. The readings of the currents were always steady 
and very consistent for the thinnest films. 

(b) Again, no satisfactory explanation can be found by 
considering the films to be discontinuous. Such discon- 
tinuities obviously will exist for very thin films, but as long 
as there is some metal on the quartz plate, the film will 
conduct if there is no break right across it of more than 
about ‘001 inch in width. Wood ft has recently shown that 
conduction can take place between two metals kept at this 
distance apart. Discontinuities might exist so that the film 
appears something like a draughts-board. As more metal 
is deposited the empty spaces left get gradually filled up. 
Hence the area of metal exposed to the light might alter 
with the time of deposit. It is, however, difficult to see how 
an explanation can be reached along this direction. 

* Phys, Rev. xxxiv. p. 459 (1912). 


+ Loe. cit. 
t Phil. Mag. Aug. 1912, p. 316. 
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(c) The effects do not seem to be due to gas layers at the 
surface of the films. In most of the experiments when the 
greatest precautions were taken, there were most probably 
no such gas films. Had there been any they would most 
probably have influenced thin films and thick films alike. 

(d) Possibly platinum films can only absorb gas when 
their thickness is greater than 1077 cm. If we make this 
assumption, and assume besides that the photoelectric effect 
is due to absorbed gus as well as to the metal, then the 
sudden increase in current can be explained. There would 
also be many more molecules about in proportion to the 
thickness at 1077 em. than for thinner films, so that the 
photoelectrons would have their energy reduced by col- 
lision. Hence we might account for a decrease in velocity 
also. But although the photoelectric effects may be in 
harmony with this view, it is difficult to see why the 
specific resistance should diminish so much when gas is 
absorbed. 

(e) There may be some alteration in the power of films to 
absorb light at 10-7 em. We might suppose that there isa 
sudden increase in the absorption of light and so account for 
the sudden rise in current, but such an assumption would 
not be in harmony with the diminution of velocity, for it is 
generally supposed that the photo velocities are indepen- 
dent of the intensity of light, and of the amount of light 
absorbed. 

(f) An explanation which is in harmony with all the 
£-sts known at present is the following :— 

Let us suppose that the photoelectrons have the power of 
jonizing molecules of platinum by colliding with them. Then 
there will be’ two kinds of electrons in the photoelectric 
effect of thick metals: “ primary,’ which are produced by 
light falling on molecules, and “ secondary,” which are pro- 
duced by the collision of the primary electrons and mole- 
cules. To have both kinds of electrons in a film the 
thickness must be greater than a certain quantity >, which 
we may call the mean free path of the electrons. For films 
thinner than X% we have only primary electrons, and for 
those thicker than A, both primary and secondary. This 
accounts for the sudden increase in photo-current if the 
thickness at which it takes place is equal to the mean free 
path of electrons in platinum. An estimate of this quantity 
was given by Paterson ™ from measurements of the Hall 
effect, and he found » of the order of 1077 cm., which is the 
critical film thickness for the photoelectric phenomena. 

* Loc. cit. 
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If primary electrons can produce secondaries by collision, 
then we ought to expect a diminution in the velocity of the 
electrons at 10-7 em., which is what Dyke found. 

The fact that the critical thickness is the same for the 
slow electrons produced by the arc and the quicker electrons 
due to the spark, is also in harmony with this view, for the 
mean free path of the electrons does not vary much with 
their velocity. 

Again, for films thinner than the mean free path, the 
photo-currents will not be influenced by the absorption of 
electrons, which can only take place when the electrons 
come near to the molecules. This explains why the ratio 
= currents is constant for thicknesses up to 10-7 cm. For 
thicker films, absorption will take place so that the ratio 
EP heain to diminish. 


I 
11. Minimum Energy for lonization. 


It is necessary to consider whether slow photoelectrons 
have sufficient energy to ionize molecules of platinum. 
Hstimates of the minimum amount of energy required to 
ionize a molecule have been given by different writers. 
Hughes * estimates this quantity to be that of an electron 
of 8 volts velocity for oxygen. 

The similarity of the curves for the arc and the spark in 
fig. 6 suggests that their characteristics have the same origin. 
There is no doubt that the 50 volt electrons produced by the 
light of the spark can ionize, and as all the other facts agree 
with this ionization theory, we conclude that it is possible 
that the slow photoelectrons due to the arc also have sufficient 
energy to ionize. 

The method employed by Hughes to calculate the minimum 
amount of energy required to ionize a molecule of oxygen is 
interesting, and it can readily be applied to the present 
problem. He found that to ionize oxygen by light, the 
wave-length must not be longer than X 1350. He showed 
how to represent the velocity of photoelectrons as a function 
of the frequency of the light. If V is the velocity in volts, 
and n is the frequency of the light, 


V= kn— Vo, 


where k and V> are constants for each substance. As 

X 1350 is the wave-length limit for oxygen, an electron 

emitted by light of this wave-length would just emerge from 
* Loe. cit. 


Phil. Mag. 8.6. Vol. 25. No. 145. Jan. 1913. K 
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the molecule, and thus V=0. Vo is the energy that an 
electron must acquire in order just to emerge from a mole- 
cule. Hence, for oxygen, Vy=kn, where v is the frequency 
corresponding to > 1350. 

He did not investigate the law for platinum, but he showed 
that it holds rigorously for a large number of metals and also 
that k& does not vary much from metal to metal. We will 
take k for platinum to be the mean for the different metals 
investigated, i.e. & = 3°62 x 10-%, and assume that the 
longest wave-length which is capable of producing a photo- 
electric effect in platinum is X=3400, which was near the 
wave-length limit for cadmium. 

This gives Vo=3°25 volts, which gives the minimum 
energy to produce a photoelectron in platinum. If there 
are electrons in the metal with velocities larger than this, 
then it will be possible to produce secondary electrons by 
collision. By the application of the law V=kn—Vp we can 
easily find whether there are electrons present with velocities 
greater than 3°25 volts. By assuming a high enough value 
for n, and this is only limited by the temperature of the 
lamp and the absorption of quartz, electrons can be found 
with velocities greater than 3°25 volts. This limitation of 
quartz on the frequency may prove a drawback. Tor 
instance, if 1849 is the shortest wave-length which falls 
on the film, we find V to be 2°65 volts, which is less than the 
minimum to produce ionization. | This theoretical value for 
the maximum velocity agrees fairly well with the actual 
values observed, see § 4. | 

The discovery of Dyke enables us to get over this diffi- 
culty. For thin films the maximum velocity is much larger 
than for thick films, and Hughes’s results only apply to thick 
films. If we take a moderate estimate of the ratio of the 
velocities for thin films to those for thick films as 3, from 
Dyke’s results, there will be electrons in ordinary thick 
metals with velocities of 2°65x3 volts, which is well 
outside the limit of 3:25 volts required for ionization to be 
possible. 


12. The decrease in magnitude of the photo-currents 
following after the sudden increase can possibly be ex- 
plained by an absorption of the electrons. The incident 
current does not decrease as much as the emergent, for the 


ratio 4 diminishes. If the experiments had been extended 


to much thicker films, possibly the incident current would 
have been found to increase again ; for Ladenburg showed 
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that as the thickness of nickel increases up to about 8 wave- 
lengths, the incident photo-current increases. It attains its 
maximum value when all the light is absorbed. 

Another estimate of the maximum depth for platinum at 
which light can produce a photoelectric effect can be obtained 
from measurements of the emergent current. We find by 
extrapolation in fig. 2 that the emergent current would be 
zero at about 5x10-&cm. This means that the light can 
produce electrons only to a depth less than 5x 107° em. 
This estimate of the maximum depth to which light can 
produce electrons is much smaller than that of Ladenburg, 
who found it to be 8 wave-lengths, or of the order of 
10-4cem. This discrepancy may be due to the fact that the 
estimates are given for different metals. 

13. As to the causes of the dissymmetrical effect it is very 
difficult to suggest a satisfactory explanation. As more elec- 
trons emerge in the direction of the light, and as they have 
a larger velocity in this direction, there must be some in- 
fluence at work in the actual process of causing electrons to 
leave the molecules, which tends to make them emerge more 
readily in the direction of the light. If this were not the 
case, and if electrons emerge from molecules equally in all 
directions, then we should be left with the task of explaining 
the dissymmetry by the pressure of light on the electrons 
after they have emerged from the molecules. Such a con- 
sideration does not appear to account for the magnitude of 
the dissymmetry. 

It may be asked why the emergent velocity diminishes as 
the thickness of the film increases. All the films used were 
semitransparent. Hence some light gets right through the 
films, and as these films absorb all wave-lengths uniformly * 
some ultra-violet light also gets right through. If the 
general view is correct that the velocity of photoelectrons 
is independent of the intensity of the light used, then we 
ought not to expect the emergent velocity to diminish so 
lon’ as some light goes right through the films. As the 
emergent velocity does diminish we may account for it by 
some assumption as :— 


(a) Perhaps light must have a certain minimum intensity 
to produce electrons ; 


(6) Possibly the velocity of the electrons is a function of 
the intensity of the light ; 


* Robinson, Phil. Mag. April 1912, p. 549. 
K 2 


132 Photoelectric Properties of Thin Films of Platinum. 


(e) Possibly some part of the photoelectric effect is due to 
some other radiation accompanying ultra-violet light, 
which radiation is more easily absorbed by platinum 
than light. Miullikan’s* work seems to show that 
this is not very probable. 


Prof. C. H. Lees suggested another possibility to me, that 
the form of the light-waves may have an influence on the 
dissymmetry. It is supposed that light-waves are modi- 
fied in going through matter. Some experiments were 
performed by Stuhlmann f which seem to support this view. 
He showed that the dissymmetry was much less marked 
when the light had to pass through a greater thickness of 
quartz, and explained this by the absorption of light by 
quartz. As quartz does not absorb ultra-violet light appre- 
ciably, it seems probable that the view here suggested might 
have some bearing on the dissymmetry. 


14, Summary of Results. 


il HB currents and 4 velocities are both unity for the 


I 
same thickness of film. 
2. The dissymmetry for velocities is not so strongly 
marked as for currents. 
3. As the thickness of film increases through 1077 em., 
the photo-current increases suddenly. 


4, The ratio i currents is constant for films thinner than 


1077 cm. and begins to diminish after the sudden increase in 
current has set in. 

5. Radiations from the spark produce much quicker 
electrons than those from the are. 

6. The dissymmetry is more strongly marked the quicker 
the electrons produced. 

7. It has been shown that it is possible that photoelectrons 
possess sufficient energy to ionize molecules of platinum, and 
that it is this which leads to the best explanation of the 
sudden rise of photo-current at 1077 em. 

8. The thickness of film which gives the sudden rise in 
current is the same for slow and quick moving electrons. 

9. The orientation of the plane of polarization of the light 
has no influence on the dissymmetry. 


East London College, 
Oct. 24th, 1912. 


* Loe. ett. + Loc. cit. 
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XII. The Influence of Pressure on the Surface Friction 
of Ice. By Henry Morpuy, B.A.* 


Yaa investigation was undertaken at the suggestion of 

Dr. Joly, who thought that it might be of interest in 
connexion with his theory of skating. This theory being, as 
is well known, that skating is rendered possible by the 
formation of a film of water, between skate and ice, owing to 
the melting of the latter under pressure. 

The experimental determinations consisted in the measure- 
ment of the coefficient of statical friction between the runners 
of a small sleigh, carrying a variable load, and the surface 
of ice kept at constant temperature. 

In some preliminary experiments difficulty was encountered 
in measuring the correct surface temperature of the ice, 
which was formed in a shallow trough, surmounting a flat 
copper box, through which a current of freezing-mixture was 
passed. With this apparatus it was impossible to eliminate 
surface radiation, and hence, owing to the blanketting effect 
of the sleigh, the temperature beneath its runners would 
vary. As it was desirable to know definitely the surface 
temperature of the ice and essential to ensure its being dry, 
this apparatus was abandoned and the following, in which 
the ice was formed in a constant temperature enclosure, was 
adopted. 

A glass gas chimney 8 inches long by 2 inches diameter was 
closed at the ends with rubber disks covered by brass disks 
which were bolted together by two long tie-rods, passing 
through lugs in the brass. Through the centre of one brass 
disk a 4-inch brass tube 8 inches long was soldered, being 
flush with the inner side of the brass. A piece of 3-inch brass 
tube was similarly fitted into the same disk close to the larger 
tube. These two tubes were cemented into a circular disk of 
pitch pine 5 inches in diameter, leaving 4 inches between 
brass disk and wood. This wooden disk enabled the whole to 
be fastened into the constant temperature enclosure, which 
was simply a rectangular box of pitch pine, fitted with glass 
windows for purposes of observation, and having two brass 
tubes for the circulation of the freezing-mixture. This box 
was placed on a platform which could be tilted to any angle. 
Horizontal and vertical scales enabled the tangent of the 
angle to be read. 

A small sleigh was made from sheet aluminium, having 


* Communicated by Prof. Joly, F.R.S. 
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two parallel runners polished with fine emery and carrying 
a glass tube which could be loaded at will with lead shot. 
By means of a steel rod, passing through the 3-inch brass 
tube and suitably bent, the sleigh could be lifted and moved 
from place to place within the gas chimney. 

A continuous current of freezing-mixture (water with 
excess of ice and salt) was circulated through the wooden 
box by a small pump driven off an electric motor. The ice 
temperature was read by a copper-platinoid thermocouple 
consisting of one pair of junctions in series with a suspended- 
coil galvanometer. The second junction was kept in melting 
ice. Resistance was added to the cireuit to reduce the 
sensitiveness until the deflexion registered 0°-05 C. per scale- 
division. 

The following procedure was adopted in carrying out an 
experiment. The sleigh was placed in the gas chimney. 
The ends were bolted on and the whole was bolted into the 
wooden box. A large rubber ring formed a water-tight 
joint between the latter and the wooden disk. The sleigh 
being raised to the top of the tube, distilled water was 
introduced so as to fill the latter about one-third. This water 
was frozen solid by the circulation of freezing-mixture. 
The humped surface of the ice first formed necessitated 
reflooding and refreezing before a flat ice surface was 
obtained. The sleigh was then lowered and the platform 
tilted until the angle of statical friction was found. ‘The 
sleigh could be pulled up the inclined ice surface by a fine 
silk thread passing through the 4-inch brass tube. The 
sleigh was now raised from the ice and a number of lead 
shot were introduced. The thermocouple junction was 
placed amongst the shot. When their temperature had 
failen to that of the enclosure, the sleigh was again lowered 
and the angle of friction was again determined. This 
process was repeated again and again with the addition of 
lead shot each time. The angle of friction was found to 
remain constant until a certain stage of the loading, when it 
suddenly fell to about half of its original value. It then 
remained constant for further increases in the load. 

These results, which confirmed those obtained previously 
with less satisfactory apparatus, are shown in the table below. 
In the first column is shown the load, 7.e., the weight of 
sleigh + weight of shot added. In the second and third 
columns are shown, respectively, the coefficient and angle of 
friction, whilst the fourth gives the temperature of the ice 
as determined from the galvanometer deflexions. 
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Load. | Tan y. | Y: Temp. 


| 
5°68 grams. | 0°36+°01 20° + 30’ | —5°-65 C, 


10°39 ” ” ” ” ” — 5°65 
11°96 ” ” ” ” ” —5°°75 
12°74 ” ” ” 9 B) —5°-60 
13°53 ”? ” ” ”? ” —5°°65 
14°31 ” 7 ” 9 9 —5°°65 
LOOP Onis. Ol.) 9°'30'+ 380") —5°60 
16°67 ” ” ” ” ” — 5°55 
19°81 ” 2) ” ” ” —5°-60 
24°52 ” ” ” 2° 9 — 5°60 

568 , |036+°01 | 20°+30' | —5°-60 


These experiments were repeated on another occasion with 
the same result and similar results had been obtained with 
different apparatus. 

As a result of the investigation the following points are 
clearly shown :— 

(1) The coefficient of friction for ice at constant tem- 
perature may have either of two constant values according 
to the pressure per unit surface of contact. 

(2) For small pressures, and up to a certain well defined 
limit of pressure, the coefficient is fairly large, having the 
value 0°36+ 01 in the case investigated. 

(3) For pressures greater than the above limit the co- 
efficient is relatively small, having the value 0°17 +:01 in the 
case investigated. 


In conclusion it remains for the writer to express his 
thanks to Dr. Joly both for suggesting the work and also for 
his kind interest during its progress. 

The Physical Laboratory, 


Trinity College, Dublin. 
Nov. 18, 1912. 


XIV. Second Memoir on Quaternionic Relativity. By UL. 
SILBERSTEIN, Ph.D., University Lecturer in Natural 
Philosophy, Rome*. 

: i my first paper on this subject ¢ I developed the funda- 

mental relativistic formule in quaternionic language 


along with their application to the system of differential 
equations of the electron theory, and have given, finally, 


* Communicated by the Author. 
+ Phil. Mag. vol. xxiii. May 1912 (written Nov. 1911). 
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some short expressions for the ponderomotive force combined 
with its activity, which union I called the force-quaternion 
and denoted by P,. One of these forms has been : 


P,= DE r—6 Det 2) 


loc. cit. (28), p. 808. I hoped then to be able to prove that 
this particular form is apt to show the properties of the 
corresponding stress, and of the density and flux of electro- 
magnetic energy. In fact, I found since, that the above 
formula gives all of these in an unexpectedly simple way, if 
subjected to a somewhat peculiar but slight transformation, 
of a purely formal character. The formula (1) so transcribed 
proved then te be very convenient for further application, 
inasmuch as it led to very simple formule for the relativistic 
transformation of stress and of density and flux of energy”. 

To show this, along with some allied matter, will be the 
subject of the present paper. 


1. Simplified form of the force-quaternion.—In order to 
give to the second term of the right side of the above 
formula (1) a form similar to the first term and guided by 
the principle of alternation + (as explained in my first paper), 
I recurred, after several trials of other forms, to the peculiar 
form 


G[D]F, 


in which the differential operator D is intended to act both 
forward and backward, and which I define explicitly by 


G[D]F=GDvF+G.DF, sos. aa 


the dots symbolizing always separators, i.e. stopping D’s 
differentiating power. What is still to be explained in this 
symbolism, to make it entirely clear, is only the meaning 
of GD, which is unusual inasmuch as the operator D follows 
the entity operated ont. The way how GD is to be defined 
naturally suggests itself: If D were an ordinary quaternion, 


* The corresponding set of formule has been communicated by the 
author to the Socvetas Sctentiarum Varsoviensis in December 1911. 

+ Remember that the electromagnetic bivector F is a (scalarless) left 
guaternion and the complementary G a (scalarless) right guaternion. 

t The reader must not be afraid of this departure from convention. 
Oliver Heaviside says, in a similar situation, simply: “ A cart may be 
pulled or pushed,” Electromagnetic Theory, vol. ii. p. 218. Besides, 
J. W. Gibbs taught us to employ linear vector operators as prefactors 
and as postfactors. 
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with s, w as its scalar and vector parts, respectively, we 
should have 


Gs+Gw=Gs+ VGw—(Gw)=sG— VwG—(wG) ; 


writing here 9/O/ instead of s and V instead of w, the 
required definition of GD will be 


GbD= oF curl G—div Gyo) ate) 
Observe that DG could not be used at all, for @ is right- 
handed, so that D@ would be torn asunder by the relativistic 
transformation. 

Now to see the utility of G@D let us compare it with DF, 
which appears in (1). Since, by (VI. a), D.G@=C,, we have 
by the elementary rule, by which the conjugate of a product 
of quaternions is the product of their conjugates in the 
reversed order, C=G,D=—GD. But, by (VI.), C=DF. 
Thus 


OD tem ah es ctor) 


and using this in (1) we obtain the required expression for 
the force-quaternion 


Pe pD Ne, abe bo ORV)" 


Thus, G[ |F, when applied to D, or rather, when exposed 
to the bilateral action of D, gives the force-quaternion ; 
and this being the case, it has been easy to guess that the 
same operator G@[ |F, when applied to a vector, say to the 
unit surface-normal n, should give us the corresponding 
stress and the component of the energy flux relativistically 
associated with itt. This supposition proved, on trial, to 
be correct, and having once verified it, the systematical 
deduction from (XV.) of the energy, stress, &c., as shown in 
the next section, has been a matter of course. 

2. Properties of the operator G| |F. Stress, electro- 
magnetic momentum, flux and density of energy.—To see the 
properties of the above operator, develop the right side of 
(XV.), remembering that 


1 ; 
P=p4 © (PB) +E+ - Vem } =~ (8p) +8, 
| J 
& being the ponderomotive force (per unit volume), and 


* The Roman numerals, reserved for the more essential formule, are 
here continued from the first paper. 

+ Especially as I have already remarked (Amn. der Physik, vol. xxii. 
1907) that G_ ]F, when applied to a scalar, or simply GF, gives the 
resultant flux and the density of energy. 
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(Fp) its activity ; then 
‘ (Gp) =—}8¢[D]F= 5 oy (GF) _idivV@R, 4g 


= SVGID IR eo canegen ie 
whence | 
es Le. es Maes : 
(Sp) =—_ Bh alae z div VGF=— i —div Ju. 


the scalar wu and the vector $8 being given by 
u=3(42) regan 


7 
$=— > VGF=cVEM 7) 
Thus, the scalar part of the equation (XV.) expresses the 
conservation of energy, leading to the flux of energy or the 
Poynting-vector, ‘$3, and to the density of electromagnetic 
energy, u. 
Both of the equations (7) may be condensed into one single 
quaternionic formula 


}OF=—u+-B*,  . . (OE) 


thus giving us one of the properties of G@[ |F. 
To obtain another property of this operator develop the 
vector part of (XV.), 2. e. (6). Then 


3=—ive[S |r-svelvyF: 


here, the first term on the right is seen, by (2), to be simply 
identical with 
Wel 1 of 

20/1 Gaal 
so that we have only to develop the second term, which (since 
it will turn out to be the Maxwellian ponderomotive force) 
we shall denote by Fyxw.. Thus 

ne 1 of 

S=Ouce C2 Ot’ . . . ° o (8) 
where we recognize already in ‘$/c? the electromagnetic 
momentum (per unit volume) and where 


FS -eVG(VIE. . 0.5) oe 


* It is hardly necessary to warn the reader that GF is no¢ a physical 
quaternion. 


VGF or — 
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Now, the vector part of the product of any three vectors 
. A, B, C* is easily proved to be 

VABC=B(CA) —C(BA)—(CB)A (10) 

=B(CA)—(AB)C—A(BC) J? 

which is here written in a twofold manner on purpose. 
Taking G, F, V instead of A, C, B and using, with due 
caution, the first and the second form of (10), respectively, 
we obtain 


VGV .F=V(G.F)—F. div@—(F. 76, 
VG. VF=V(F.G)—G@. div F—(@. V)F, 


where none of the separating dots is superfluous: in the first 
formula it is @ only which is exposed to the action of the 
differential operators as if F were constant, and vice versa in 
the second formula. Taking their sum, the first terms of 
the right-hand sides give us the full gradient of the scalar 
product (GF), 2. e. V/(GF) without dot, so that 


VG[V|F=V (GF) —F. div@—G.divF—(F.V)G—(G.V)F 
=idiv {(@F)i—F(Gi)—G(Fi)}+ .... 
Thus (9) takes the form 
Suew= —i div f, —j div f,—k div f,, aN Se (9a) 


where the vectors f,, f,, f;, constituting a self-conjugate 
stress, are given by 


f, or /i=}{(GF)i—F(Gi)—G(Fi)}, &e., 
or, n being any (say unit-) vector, by 
f,=/n=3(GF)n—iF(Gn)—4G@(Fn), . . (11) 
or, finally, by the dyadic + 
 v=2(GP)—iF(G@ —ie(F ...>. dle) 
This stress, represented by the linear vector operator f, is, 
' Lice i a ae ee ae or a linear vector operator, 


which may be called the stress-operator, and which, when applied to 
the unit surface-normal n, gives the corresponding pressure-vector fy. 
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obviously, the well-known Mazwellian stress* (pressure 
proper being considered positive, and tension proper 
negative). 

But what we are here mainly concerned with, is another 
form of this stress, showing the utility of the operator G@[ |F. 
Now, recurring again to (10), we obtain at once, instead 


of (11): 
ju=SVGuF, :. |. eee 


which is the desired form. Moreover, we have for the 
scalar part of the same triple product 


SGnF=SGVnF= —(GVnF)= (nVGF), 
nies, Dy (¢) ov (XV Ica), 


il l 
; S GuF= z (3n). 
Consequently, the full quaternionic product will be 


(Qn)+fn, . .,. Coan 


which is the second property of our operator. 

Both of its properties, as expressed by the formule (X V1.a) 
and (XVI.6), may be combined into one, by adding these 
formule together side by side, after having multiplied the 
former by a quite arbitrary scalar s. Then we shall have 
G[ ]F as applied to a full quaternion s+n. Take for this 
purpose, say, a purely imaginary scalar s=vo, so that 


b=ig+tn!) 6. 2 od 


will be a special physical quaternion, cov. g. Then we shall 
have 


4GnF= = 


C 


GLE = * {(Qn)—cou}+ju——B, . (XVI) 


a formula which will be useful for our subsequent considera- 
tions. This expression is, obviously, like & itself, a genuine 
physical quaternion, namely covariant with q f. 


* In fact, developing (11) we obtain at once 
fn=un—E(En)—M(Mn), w=3(E?+M)°), 


which is the usual form of Maxwell’s stress. Cr. also (7). 
+ For it has a real vector and an imaginary scalar part, like g=/+-r, 
and, since G’'=QGQ,., F’=Q.-FQ, k'=QkQ, 
G'k'F’ = QGkFQ. 
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Notice that n is a unit vector of quite arbitrary direction, 
while o is a real but otherwise arbitrary scalar. 

Resuming the results of the present and the foregoing 
section we can now say shortly that one and the same 
operator 

G[ |F 


furnishes us the force-quaternion, the corresponding stress and 
the flux and density of energy, according as we fill out the 
vacant place [ ] by D, or by a simple vector or a simple 
scalar, respectively. (Formule XV. and XVI.a, XVL.6 or 
their combination X VI.) 

Thus, our operator G! ]F does all the offices of Minkowski’s 
matrix S of 4x4 elements * or Sommerfeld’s and Laue’s 
“ world-tensor,” the procedure however being in our case, 
I daresay, a great deal simpler. specially simple is the 
structure of our operator, as compared with that of the 
‘“‘ world-tensor’’; for, while in G[ |F both of the bivectors 
are ordinary quaternionic factors, Sommerfeld’s “ tensor” 


(Ann. d. Physik, vol xxxil. p. 768) or, as written by Laue, 
T=[(MM]}, 


is derived from the ‘“Sechservector” St in a very compli- 
cated way. In fact, the definition of this symbol is actually 
given by Lane’s formula (80) (Relativitiitsprinzip, p. 74), 
which contains for one only of the elements of the “ tensor,” 
Tj, not less than 16 products, while the whole “ tensor ” 
consists (in the symmetrical case) of ten of such elements or 
components. 

The utility of G[ |F will appear also from what follows. 
A similar investigation of the properties of the operator 
F{ |G, as applied, of course, to D,, i, instead of D, &, is left 
to the reader. 

3. The relativistic transformation of stress and flux and 
density of energy.—It is well known that, using the “ world- 
tensor,” the stress components, &c., constituting its ten 
elements, are transformed as the squares and products of the 
coordinates of a point of the four-dimensional ‘ world,” 
1. e€. f41 a8 x, fig as wy, and so on. The corresponding for- 
mule are fairly complicated and rather hard to read and 
more so to remember. The formule of transformation 


* Sis the “product” of two “alternating” matrices, each consisting 
of 4x4 elements; cfr. Minkowski, Gotting. Nachr. 1908, §18. For the 
* vacuum” Sommerfeld’s S, being generally non-symmetrical, becomes 
a symmetrical matrix. 

+ See for example Laue’s (78), p. 74, loc. cit. 
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thus obtained separately for the components are but afterwards 
combined into vector equations. 

Now the quaternionic method of treatment seems in this 
respect also to be more. convenient and more transparent. 
In fact, since we know already, by formula (XVI.), that 


Z=—{(Pn)—cou} +fn——= . + aati 


is a physical quaternion, cov. g, we have, by the same formula, 
O79 =40 Fy sin ee 
where, by (13), 
k' = QkQ, say =to’ + N'=v0'+ Nv, 
o’=yo—A(ni)]; N'=n[(y—1)(mi)—o¢. By]i. (16) 
(Here i is written instead of the original u, so that now the 


velocity of the system S’ relatively to S is v=vi=cBi.) 
Thus, by (15), 
to Nt 
QZQ= a G/F’ a3 ng wes 


but, by (XVI.a), (X V1.0), the right-hand side of this equation 


1s 
whereas QZQ equals, by (14), 
uy {Bou 8 (fa 7 s8,) } +fa— a 
ri ' (y-1)( nl “8; )—By(2B,—2u) } k 


Hence, by comparing separately the scalar and the vector 
parts, we obtain the following two relations 


(2 ou) us Br fa-~ %)= a) et wa on 


ya BifO-D(ja- 1) —By (Pon) =/'N’ — 9 
ies (17 8) 


Now, these being valid for any o (and for all directions of n), 
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take first c=0, and then o=1, and remember that, by (16), 


oy) = —Py(in); a, —oJ=y; NY —-Ny =—fyi; 
re 1 
N,’ =n+(y—l)i(in)=y—2, 


where ¢ is a linear vector operator, stretching every vector 
normal to the direction of motion in the ratio y: 1 and not 
affecting vectors parallel to that direction, or in dyadic form 


ety yk (Ks... ee eS) 


Of the four relations, obtained in this way from (17a), 
(17), one, namely that which contains ‘8, —c@fn, is a con- 
sequence of the three others (one of which contains the 
resultant }). ; 

These three relations, after a slight rearrangement of terms 
and without splitting in Cartesians, give us the required 
relativistic transformation of the density and flux of energy and 
of the stress in the remarkable form 


mua + (BV) + S(0/"'9) | 


—eB= B+ [aR +04 ry Aion CNT) 


ee ie te pe ew al 
ed +o LB +uv|(v+ v(-B 


e being the operator explained in (18). 

The three formule in (XVII.), one being scalar, one 
vectorial, and one dyadic, are completely equivalent to 
Laue’s ten (=1+3+6) transformational formule (102) *, 
which the reader may verify at once, by expanding the 
second and third of (XVII.) and remembering that 7’, 
like f, being a linear operator, f/v=vfi=vf/,(v/'v)=v'/'n, 
and so on. 

To obtain wu’, $3’, 7’ in terms of u, $8, f, we have only to 
transfer the dashes to the symbols without dashes and to 
write —v instead of v, leaving the coefficient y and the 
dyadic e unchanged. 

Of particular interest, especially as regards its application 
to relativistic dynamics, is the case in which the flux of 
energy, and consequently also the electromagnetic momentum, 
vanishes for one of the two systems S, S’, we are comparing; 


* Laue, loc. cit. p. 87. 
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say $3’=0. Then the formule (XVII.) are considerably 
simplified, giving for the S-point of view : 


if Lg arenas 
oe ol ae (v/v) | 
Baur tiv : -\.0 CANT 
1 dL A 
ee er 


e JE e 
Remembering that ~v=v, we may write also, somewhat 
more conveniently, 


if 
=r? a + civ | ‘ 


and similarly for the third of the above formule. But asa 
matter of fact the operator e, of quite simple structure, 
makes no difficulty, wherever it stands. Moreover, its 
appearance in our formule has nothing artificial about it, 
since it corresponds, in fact, to the very nature of the 
transformation which is fundamental for the whole theory 
of relativity. 


November, 1912. ¥ 


XV. The Asymmetric Emission of Secondary Rays. By 
O. W. Ricuarpson, Professor of Physics, Princeton 
University *. 


} 

if 1908 Bragg t showed that when vy rays passed normally 

through a thin plate of matter the ionization produced 
by the 8 secondary rays thus stimulated was greater on the 
emergent than on the incident side : C. D. Cooksey t showed 
that similar effects were caused by the electronic emission 
from thin plates illuminated by Rontgen rays. It was first 
shown by O. Stuhlmann§, and about the same time, inde- 
pendently, by R. D. Kleeman ||, that when thin films of 
metals are traversed normally by ultra-violet light, the 
number of electrons emitted on the emergent is greater than 


* Communicated by the Author. 

+ Nature, vol. Ixxvii. p. 270, Jan. 28, 1908; Phil. Mag. vol. xvi. 
p- 918 (1908). 

+t Nature, vol. Ixxvii. p. 509 (1908). 

§ Nature, May 12, 1910; Phil. Mag. vol. xx. p. 831 (1910), vol. xxii. 
p. 854 (1911). 

|| Nature, May 19, 1910; Proc. Roy. Soc. A. vol. lxxxiv. (1910). 
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that on the incident side. A similar asymmetry in the 
distribution of the X type of secondary rays produced by 
the absorption or stoppage of Roéntgen, vy, 8, and cathode 
rays has been demonstrated by the experiments of Bragg 
and his pupils, and of Kaye, Stark, Crowther, Gray, and 
other investigators. 

This type of effect was first predicted by Bragg as a 
consequence of his view that the y and Réntgen rays were 
uncharged material particles in rapid motion, and its 
existence has consequently been held to favour Bragg’s 
theory. The occurrence of similar effects with light would, 
by a like argument, lead to the conclusion that it also 
consists of a shower of material particles. In fact, the 
greater number of Bragg’s reasons for favouring the 
material constitution of y and Roéntgen rays apply also to 
light. Most writers seem to accept the principle that light 
and X radiations, as it is convenient to call radiations which 
behave physically in a manner similar to the y and Rontgen 
rays, differ only in degree and not in kind. The explanation 
then usually offered* to account for these asymmetric 
effects in secondary emission is that the energy in the 
radiations is not continuously distributed, but exists in a 
very concentrated form in limited regions. In this way a 
single electron may be made to receive the major part of 
both the energy and momentum in a radiation unit. As the 
case against such a view of the nature of light is at least 
arguable, it is worth while to examine the question from a 
rather wider standpoint, to see if an estimate of the 
maximum effects to be observed may be obtained without 
making any definite hypothesis about the structure of the 
radiation. I shall practically confine myself to the secondary 
emission of electrons under the influence of radiations ot the 
X type and light. 

A general review of the phenomena grouped under the 
emission of electrons caused by radiation and under the 
temperature variation of the radiation from a black body, 
supports the view that the action between the radiation and 
the matter is primarily between radiation and electrons, and 
that this action goes on in a manner which may be treated 
as continuous, in the case of any particular. electron, until 
the latter reaches a certain condition. This condition is 
followed by an act of a different character, which we may 
term disruption; the act of disruption terminates the con- 
tinuity of the preceding processes and is succeeded by a new 


* Stark, Phys. Zezts. vol. x. p. 579 (1909). 
Phil. Mag. 8. 6. Vol. 25. No. 145. Jan. 1913. L 
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cycle of, in general, similar events. The condition for disrup- 
tion is that the energy of the electron should be an integral 
multiple of Av, where v is the frequency of the radiation and 
h=6°55x 10-7’ erg sec. Ina large number of cases it is 
probable that integral multiples other than unity may be 
left out of consideration without serious error. Accordin 
to a theory of black body radiation recently developed by 
Planck *, this is always the case when the intensity of the 
primary radiation is sufficiently small. I shall suppose 
the act of disruption to result in the liberation of an electron 
to such an extent that it no longer forms part of the 
dynamical system to which it originally belonged. In 
favourable cases the electron may be expelled from the 
matter and appear as an emitted electron, or secondary 
radiation of the 8 or electronic type. This will invariably 
be the case if v is sufficiently large and the layer of matter 
which absorbs the radiation is sufficiently thin. I shall 
assume that up to the instant of disruption no part, either of 
the momentum or of the energy which any particular 
electron receives from the radiation, is communicated to the 
rest of the matter. The acquisition of energy and momentum 
by the matter as a whole then takes place through the acts 
of the disrupted electrons. This assumption may not 
invariably be fulfilled, but it will probably lead to a correct 
estimate of the maximum amount of asymmetry to be found 
in the most favourable cases. 

Consider the case of X radiation or light, incident 
normally on a thin slab of absorbing material. In general, 
absorption may occur through the operation of processes of 
very different nature, for example, conduction as opposed to 
resonance effects ; but we shall suppose that the only type 
of absorption which we need to consider is that which 
results finally in electronic disruption. We shall fix our 
attention on the state of things which exists after the slab 
has been illuminated for some time; so that there is no 
further accumulation, in the slab, of energy abstracted from 
the incident beam. Under these circumstances the energy 
absorbed from the incident radiation will appear, at an 
rate in the first instance, as the kinetic energy Ay which the 
disrupted electrons possess at the instant of disruption. 
Thus if there are N of them disrupted in unit time, the 
energy absorbed from the radiation is Nhvy. We are here 
supposing that some suitable means of return is provided for 
the electrons, so that the number present in the slab at any 
instant preserves the same average value. It is clear also 


* Ann, der Phys. vol, xxxvii. p. 642 (1912). 
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that under the supposed conditions the average energy of 
the electrons instantaneously present in the slab remains 
invariable. It is important to observe that the energy hv 
which we have to consider here, is that which the disrupted 
electrons possess before, not after, they leave the slab. 

But the incident beam is depleted of momentum as well 
as energy. Without committing ourselves for the moment 
as to the nature of this momentum, let us suppose that when 
the incident beam loses an amount Ei of energy it loses an 
amount XH of momentum. On the electromagnetic theory 


” is constant and equal to = where c is the velocity of light 


in vacuo. According to the hypotheses which we have 
adopted, the whole of this momentum is conveyed in the 
first instance to the undisrupted electrons. Now consider 
the increase of momentum of the slab and contained electrons 
in any small interval of time. It arises from :—(1) the 
momentum of electrons which come into the slab, (2) the 
momentum, reckoned negatively, of the disrupted electrons, 
and (3) the momentum accumulated during the interval by 
the electrons present in the slab. Since the average state of 
the electrons instantaneously present does not change with 
time, it follows that the difference of (1) and (2) is equal to 
(3). When (1) is zero, (3) is the momentum derived from 
the radiation, if the principle of the conservation of 
momentum is held to apply to the whole system of radiation 
and matter. It follows that the momentum which is 
acquired by all the absorbing electrons from the radiation, 
is exactly equal to the sum of the momenta, measured at the 
moment of disruption, of all the electrons disrupted during 
the same interval. But since the energy absorbed is Nhy 
the value of the former amount of momentum is ANhv. If 
u is the average component of velocity of the disrupted 
electrons, in the direction of incidence of the radiation, an 
alternative expression for the momentum of the N electrons 
is Nmu. Thus :— 

a SI RE, 

u= at = ee ge oe Ni (1) 
if v? is the average value of the square of their velocity at 
the instant of disruption. If we take the expression for the 
momentum of the radiation given by the electromagnetic 
theory, 


peat ee en a ale 3" 
ye 
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These relations are not sufficient to determine the distribu- 
tion of the velocity among the particles. But we should 
expect the asymmetry to be more marked the greater the 


value of - and hence the greater the value of v. Thus those 


radiations which give rise to the emission of electrons with 
the greatest velocities should exhibit the greatest degree of 
asymmetry in this emission. This is known to be the case. 


According to formula (2) the maximum value of : is 4, and 


is the limit to which the fraction approaches as the velocity 
of the emitted electrons approaches that of light. To illus- 
trate the possibilities it is perhaps worth while devoting a 
moment’s consideration to this particular case. 

We do not know with absolute certainty whether the fact 
that “ is not zero is due to v being different in different 
directions, or to v being the same and the number different 
in different directions, or to both these causes. For 
simplicity suppose that v is the same and the number 
different. This supposition seems a little more probable 
than the first alternative and is also supported by experi- 
mental evidence, at least in the case of the Réntgen rays *. 
If 47rn is the total number emitted and ng the number per 
unit solid angle making the angle @ with the direction of the 
radiation, 


T 
Anns | n, -2msin 6 dé +... so yap 
0 
and since uw=v cos 8, 
ga” 4" ny. Qa cos 6 sin 8 dO 4 
we aaa, ny. 27 cos G sin . ae ee 


0 


Thus if cos @=w and n, =n, 


1 i 1 
Uu { i of ened x. < 4 ' i (5) 
-l 1 


When ” =4, particular values of nz which satisfy (5) are: 
VU 


ne=const.x (l+2)’, -l<a<+4+l1, . .. (6) 


and 
ne=0, —1l<2#<0: ng=const. O<a<tl.. (7) 


* Of. R. T. Beattie, Phil. Mag. vol. xx. p. 820 (1910). 
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Since the ratio of the number of ions emitted forward to 
the number emitted backward is 


0 
a \ n Ae =A] RENT E ies Sinie NE aie 
) i 


we find from (6) y=7, and from (7) p=o. 

The possibility of (6) appears to be eliminated by the 
results of Bragg and Madsen’s* experiments on hard y rays 
which, in the case of carbon, gave a ratio of about 20 to 1. 
Nevertheless it cannot be said to have been demonstrated 
that the electromagnetic theory is incapable of accounting 
for these effects. 

In the neighbourhood of the visible spectrum, let us say 
when v=10sec.-! the ratio of wu to v deduced from 
equation (2) is only about 1 to 500. Thus even the compa- 
ratively small differences between the emergence and incidence 
emission found by Stuhlmann + seem larger than would be 
expected. It is probable, however, that somewhat different 
considerations enter in these cases. The value of vis now com- 
parable with the value which it is necessary for an electron to 
have in order to escape from the metal at all. A small difter- 
ence in the value of v? in favour of the direction of emission 
will be equivalent, as compared with the unfavourable case, 
to an extension of the illumination towards the ultra-violet. 
The equivalent extension dy, of the range of frequency of the 
illumination, will be proportional to the difference in v’, and 
as the range of v which is effective in causing emission is 
only a fraction of the total range from 0 to v the effect will 
be correspondingly multiplied. A difference in the number, 
with v constant, will act in the same way as a difference in 
v, but not quite so directly. On the above view, with the 
same illumination, the difference will tend to be greater 
when the effective range of the illumination is shorter. This 
is the case with the more electronegative elements, as the 
minimum frequency and velocity required for emission are 
greater for them. Although, no doubt, there are other 
factors entering when illumination from a source like the 
iron are is used, it is interesting to observe that, of the 
differences recorded by Stuhlmann, the greatest is in the 
case of the most electronegative element, platinum, and the 
least in the case of the most electropositive element, 
magnesium. _ 3 


F an Trans. R. 8. of S. Australia, vol. xxxii. p. 1 (1908); Phil. Mag. 
9. 
+ Phil. Mag. vol. xxii. p. 863 (1911). 
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It will be observed that the view of these phenomena 
which has been outlined is consistent with the experimental 
result that the number of electrons emitted in a given time 
by a given material under the influence of X ray or light- 
‘illumination’ of given_frequency is proportional to the 
intensity of the incident radiation. 

So far as the asymmetric emission of radiation of the X 
type is concerned, it seems to the writer that the explanation 
offered by the electromagnetic theory, along the line con- 
sidered by Sommerfeld *, is one which has to be reckoned 
with ; at any rate until data capable of furnishing a more 
precise comparison are available. 


Palmer Physical Laboratory, 
Princeton University. 


XVI. Non-Newtonian Mechanics.— Some Transformation 
Equations. By Ricuarp C. Torman, Ph.D., Assistant 
Professor of Chemistry at the University of California Tt. 

| liter have previously been presented some of the con- 

sequences { of a system of mechanics which is based 

on the conservation laws of mass, energy, and momentum 
and the Hinstein transformation equations for coordinate 
systems in relative motion. It will be shown in the present 
article, that the principles of this system of mechanics lead 
directly to a number of further transformation equations, 
and in particular to the same transformation equations for 
force as chosen by Planck § to agree with electromagnetic 
considerations. An application of the equations to electro- 
magnetic and gravitational problems will also be presented. 
If we consider two systems of ‘space time” coordinates 
in relative motion in the X direction with the velocity v, the 

Hinstein theory of relativity has led to the following equa- 

tions for transforming the description of any kinematic 

phenomenon from the variables of system S8 to those of 


system VN’. 
w= K(avt); 5. oie 
Lie A Nar INET OE 
py 1d ary vay ho) a ee a 


a(t Ses . tonks (sof nn 


* Sitzungsber. der Kon.-Bayer. Akad. der Wiss., Math.-Phys. Kl. 
Jahrg. 1911, p. 1. 

+ Communicated by the Author. 

t Lewis and Tolman, Phil. Mag. xvii. p. 510 (1909) ; Tolman, Phil. 
Mag. xxi. p. 296 (1911), xxii. p. 458 (1911), xxiii. p. 375 (1912). 

§ Planck, Ann. d. Physik, xxvi. p. 1 (1908). 
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where ¢ is the velocity of light and « is put equal to 
1 
V1=0?/2 
By the obvious differentiations and substitutions, Einstein 
has obtained the further equations: 


dt’ VX 
wT a=1-s), eao= ie = . - - (3) 
L—-V 
a = ea eines Vics Mellen SN (6) 
@ 
: ane * 
—— vx’ (7) 
pe. 
d ZK-1 ; 
2/= Sve? i - ? : - é ; (8) 
— 


where for simplicity we have put 


da : dit! ° 
di = Ww, dt! —a de. 

If, for an observer in system 8, a point is moving with the 
velocity (#, y, z) its velocity (2’, y', 2’), as seen by an ob- 
server in system S’, is given by equations (6), (7), and (8). 
It is interesting to note that if to one observer a particle 
appears to have a constant velocity, that is not to be acted 
on by any force, it appears so to any other observer who is 
in uniform motion. 

By further differentiation and simplification it is possible 
to obtain from equations (6), (7), and (8) three new equations 
for transforming measurements of acceleration from system 
S to 8’, viz. :— 


v=(1-F PE pe eee) 

i 22 ge Ee a Eo a ; 

y =(1- 3) K-"y +93 I—G for ae HO) 

ga(1- BF) ee gar a? in 2: OY 
— ce ~ 2 2 ee 


In contrast to the relation holding for the case of uniform 
velocity, it may be pointed out in connexion with the above 
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equations that, if a point has a uniform acceleration (#, 7, 2) 
with respect to an observer in system S§, it will not in general 
have a uniform acceleration (x', y', 2’) in another system 
S’, since the acceleration in system 8’ depends not only on 
the constant acceleration but also on the velocity in system 
S which is necessarily varying. 

We may next obtain transformation equations for a useful 


function of the velocity, namely, W1— ge? where we have 


placed (?=2?+9'?+2*. By substitution of equations (6), 
(7), and (8) and simplification we obtain 


Cx 
Vice. Jilge °° 
V1—q"/c /1—4¢?/c 


It has been shown in an earlier article* that the prin- 
ciples of non-Newtonian mechanics lead to the equation 
Mo 
V/1—9?/c? 
the mass of the body at rest and q is its velocity. By sub- 
stitution of equation (12) we may obtain the following 
equation for transforming measurements of mass from one 

system of coordinates to the other: 


m= for the mass of a moving body, where my is 


m’=(1= 2 rem, 1 


where m is the mass of the body and x the X component of 
its velocity as measured in system S and m’ its mass as 
measured in system 8’. 

By differentiation of equation (13) and simplification we 
may obtain the following transformation equation for the 
rate at which the mass of a body is changing owing to change 
in velocity : 


*\ 4 
2d al oh eae Va 

— — —_ a — ——— 
m'=m— ~y w (1 “*) Jae 2 


z andz are the X components of the velocity and acceleration 
of the body in question as measured in system S. 

We are now in a position to obtain transformation 
equations for the force acting on a particle. The force 


* Phil. Mag. xxiii. p. 875 (1919). 
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acting on a body may be best defined as equal to the rate of 
increase of momentum *, 2. e. by the equation 


or EFr= mz +m2, 
Fy= my +mjy, 
Fe= mz + mz. 


By the substitution of the previous equations presented in 
this article we obtain: 


By= see na ¢ a Vues G = ee) 
1—-—; Es ta 
¢ 
Ko} 
i, = ope» eR anda i's (bane aah yaa (A) 
ee 
peal 
F/= SP Uy eae ad rat a oe tk ll) 
12% 
a 


which are the desired transformation equations of force. 
These equations, which have here been derived from the 
principles of non-Newtonian mechanics, are those which 
were chosen by Planck to agree with electromagnetic con- 
siderations fF. 


Field around a Moving Charge. 


As an application of these transformation equations, we may 
calculate the force with which a point charge in uniform motion 
-acts on any other point charge, merely assuming Coulomb’s 


* See Phil. Mag. xxii. p. 458 (1911). 

+ Inan article by Lewisand Tolman (Joc. cit.) an attempt was made 
to deduce the transformation equation of force, which was unsuccessful, 
owing to the authors’ assumption that the turning moment around a 
right-angled lever in uniform irrotational motion should be zero. This 
error and the interesting fact that in general, if we accept the relativity 
theory, the actual presence of a turning moment is necessary to produce 
a pure translatory motion in an elastically stressed body was pointed out 
by Laue, Verh. d. Deutsch. Phys. Ges. xiti. p. 513 (1911). For the par- 
ticular case that the body on which the force is acting is stationary with 
respect to one of the systems, the transformation equations of force were 
correctly derived by the present author, Phil. Mag. xxi. p. 296 (1911). 
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inverse square law for the force exerted by a stationary 
charge*. 

Consider a set of coordinates S(z, y, z, ¢), and let there be 
a charge e in uniform motion along the X axis with the 
velocity v. We desire to know the force acting at the time 
¢ on any other charge e,, which has any desired coordinates 
x, y, and z and any desired velocity 2, y, z. 

Assume a system of coordinates S!(2’, y’, 2’, t’) moving 
with the same velocity as the charge e which is situated at 
the origin. To an observer moving with the system 8’, the 
charge always appears at rest and to be surrounded by a 
pure electrostatic field. Hence in system 8’ the force with 
which e acts on e, wiil be in accord with Coulomb’s law. 


F’ = 

i: F.= gage (18) 
B= Gan came: a 
ih le NO ea ee = ee 


ae (CGO Se aie) . 
where 2’, y', and z' are the coordinates of charge «&, at the 
time ¢’.. For simplicity let us consider the force at the time 
t'=0, then from transformation equations (1)—(3) we shall 
have 


‘ a iee 
eae a, Y =Y, a =. 


Substituting into (18), (19), and (20) and also making use 
of the transformation equations of force (15), (16), and (LD: 
we obtain the following equations for the force acting on «, 
as it appears to an observer in system 8. 

afr 
E€€;K Vv e e 
F,= (ety aye 2? | + oe (yy +22) | tae 


»  €&K (1- = Yy (22) 
F — ae ? ° e * > ° e ° e “a 
; (42a? + y? + 22)? 


vu 
€€)K (1 — “t) Z , 
F,= c Lh Ulead ie oki 


(«2x2 +y7+ ye oo 


* Jn its simplest form, Coulomb’s law merely states the force acting 
between two stationary charges. It should be noted that our derivation 
assumes the same law for the force with which a stationary charge acts 
on a moving charge. 
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These equations give the force acting on ¢, at the time ¢. 
: Bs ies Agi 
From equation (4) we have t= 2 since t’=0. Atthistime, 


the charge e which is moving with the uniform velocity v 
along the X axis will evidently have the position 


ve= ca Lv, ye=0, a 


For convenience we may now refer our results to a system 
of coordinates whose origin coincides with the position of the 
charge e at the instant under consideration. If X, Y, and Z 
ure the coordinates of €, with respect to this new system, we 
evidently have the relations 

2 


Vv es = . . . ? 
Kaa— Gea ie, eee, Meee, ina ges 


Substituting into (21), (22), and (23) we may obtain:— 


F,= 30-6) 4 X+50Y¥+20 t, Sieg 
Fy= 0-69 (1-"%)y, ee he CI) 
NZ, sas i. (26) 


where for simplicity we have placed @=-, and 
¢ 


s= /X?+(1—6?) (Y?+Z?). 


These same equations could also be obtained by substituting 
the well-known formule for the strength of the electric and 
magnetic field around a moving point charge into the 
fifth fundamental equation of the Maxwell-Lorentz theory 
F=E+1/cvxH. It is interesting to see that they can be 
obtained so directly, merely from Coulomb’s law. 

If we consider the particular-case that the charge « is 
stationary (7. e. X=Y=Z=0) and equal to unity, equations 
(24), (25) and (26) should give us the strength of the electric 
field produced by the moving point charge e, and in fact they 
do reduce as expected to the known expression 


€ 9 
re f— 3 (1—")r, 


where r= Xi+ Yj+ Zk. 
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Gravitational Field, 


This method of obtaining from Coulomb’s law the expected 
expression for the force exerted by a moving electric charge is 
of special interest, since it suggests the possibility of obtaining 
from Newton’s law an expression for the gravitational force 
exerted by a moving mass. 

Let us assume, in accordance with Newton’s law, that a 
stationary mass m, will act on any other mass m, with the 


Yr e 
force F= —kmym2-3, where m, and mz, are the masses which 
Te 


the particles would have if they were at rest, isolated, and 
at the absolute zero of temperature, and r the radius vector 
from m, to mz. The determination of the force exerted 
by a mass in uniform motion may now be carried out in 
exactly the same manner as for the force exerted by a moving 
charge. In fact in analogy to equations (24), (25), and 
(26), we may write— 


B= bg) {X+5 (VY +20) |. . (27) 


Fy=—b™ 92) (1— SP) Y, a 
p= — b= (1p) (1-- 2). i 


These are the components of the force with which a 
particle of “stationary” mass mj, in uniform motion in the 
X direction with the velocity v, acts on another particle of 
“stationary” mass m). ‘aking m, as the centre of coor- 
dinates, m, has the coordinates X, Y, and Z and the velocity 


(x, Y, Z). kis the constant of gravitation, @ is placed equal 
to “ and s has been substituted for,/ X?+(1—?)(Y?+2")*. 


It may be noted that the particle m, must be in uniform 
motion, although the particle m: may have any motion, its 
instantaneous velocity being (X, Y, Z). It is unfortunate 
that the method does not also permit a determination of the 
force which an accelerated particle exerts. For cases,however, 
where the acceleration is slow enough to be neglected, it would 


* These equations would accord with the electromagnetic theory of 
gravitation proposed by D. L. Webster, Proc. Amer. Acad. xlvii. p. 561 
(1912). 
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be of great interest to see if these equations lead to expressions 
for the orbits of heavenly bodies differing appreciably from 
those hitherto in use. 


Summary. 

In this article it has been shown that the Hinstein trans- 
formation equations, and the other principles of non-Newtonian 
mechanics, lead to a number of further transformation equa- 
tions for acceleration, mass, rate of change of mass and force. 
The transformation equations of force are identical with 
those chosen by Planck. Two applications of the trans- 
formation equations have been given. By combining them 
with Coulomb’s law, the expected equations have been derived 
for the force with which an electric charge in uniform motion 
acts on any other charge, and by combining them with 
Newton’s law a new expression has been derived for the 
gravitational force with which a particle in uniform motion 
acts on another particle. 

July 19, 1912. 


XVII. On a Certain Integral of the Problem of Three Bodies. 
By Puiuie H. Line, M.Sc.* 


Introduction. 


T is well known that the motion of three particles under 
their mutual gravitational attractions cannot be com- 
pletely determined. Certain combinations of the differential 
equations can be integrated, but their number is not sufficient 
to solve the problem, and it has been proved by Bruns and 
Painlevé that no other integrals can exist. 

In astronomical problems it is usual to reduce the system 
of three bodies to the simplest possible form. One body, P, 
is supposed to have an infinitesimal mass, while the other 
two, S and J, describe circles about each other. We have 
then to determine the motion of P relative to the line SJ 
and in the plane of motion of the two finite masses. ‘This is 
usually described as “ the restricted problem of three bodies.” 
Only one integral can be obtained easily, and it has been 
shown by Poincaré + that no others exist which are one-valued 
and regular. 

Now, it has recently occurred to the writer to attempt to 

* Communicated by the Author. The first part of this paper formed 


a portion of a thesis accepted by the University of Bristol for the degree 
of M.Sc. 


+ An excellent account of the theorems of Bruns and Poincaré will be 
found in Prof. Whittaker’s book on Analytical Dynamics. 
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repeat Poincaré’s theorem, when the restriction as to motion 
in one plane is removed. The result seems sufficiently un- 
expected to be worth recording, for it appears to indicate 
the possibility of a second integral. The present paper also 
contains a number of inferences respecting this integral, 
which, as need hardly be said, would be of some importance 
in astronomy. 


1. The Equations of the System. 
Let O be the centre of gravity of Sand J. Let Ow be an 
axis coincident with SJ, Oy a perpendicular one in the plane 
of motion of S and J, and Oz one perpendicular to that 


plane. Let M, » be the masses of S and J respectively, 
n' the angular velocity of the line SJ. Let OS=a, OJ=0, 
pi=SP, po=PJ. U the potential at P due to S and J. 
Then a 
P1 P2 
Also, if SJ is taken of unit length, 
n2?=M+p and Ma=wpd. 


Then the equations of motion are 


eh iplois ima nol uae 

&—Iny=n ‘ie oa 

oe r? 12 U 50) H 

yt2n'v=n yt eo = Pre eco Bae (1) 
p0U ot 
Oe! MOE ) 


where 


20, =n!?(a? + 4?) + 2M + 2h 
, | P1 P2 
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The Jacobian integral of the system is obtained by 
multiplying the first equation of (1) by #, the second by y, 
the third by z, adding, and integrating. This gives 
pe yee 20) — CU ee ah (2) 
where C is a constant of integration. 
Now these equations can be converted, either by a contact 


transformation, or by the method of variation of constants 
of integration, into the following Hamiltonian system : 


Geo dpe Ou 
dt op. dee OG: 


where H=constant is the Jacobian integral, and 


gi= mean anomaly in the instantaneous ellipse, 
gg=angle between line of nodes and axis of «, 
g3=angle between line of nodes and line of apsides. 
pi=square root of semi-major axis, 

p2=p3 cost, where 2=inclination of the orbit, 
ps=square root of semi-latus rectum, 


If w is not too great, H may be expanded in powers of it. 


H=H)+ymH,+yp?H.+.... (4) 
and 
1 
= 2p? een pe en Ue a (5) 
Now the Hessian 
oman Mowaly 
opr OP1 Ops 
07H) §=07Hy 


Opi OP. Ops 


This happens to be inconvenient, but the difficulty may 
be avoided by using H? in place of H, when the Hessian 
will not vanish. 


2, Poincaré’s Theorem. 


The proof here attempted follows, in a condensed form 
that given by Whittaker *. 
If possible, let ® be an integral, one-valued, regular, 
eile in powers of w, and periodic in 4, g2, 3. 
en 


> 


O=O)+uP,+w7O,+..... 
*  Opxctt: 
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Now @®, need not involve Hy: for if it does, we may 
solve the equation connecting them for p, and get an 
identity 


Do(M1, J2> 739 Ps Pes Ps) =V(q1, Qa q33 Hy, P2> p3)- 


By replacing Hy by H, we get V(H), an integral of the 
problem. Then ®—W(H) is also an integral. Call it 
pv'(H). Then V,' may not involve Ho. If it does, repeat 
the process. Then ultimately we arrive ata function not 
involving H). 

The condition that ® should be an integral is that the 
Poisson-bracket (H, ®) should vanish. And we have 


Gee ®) ce (iy Dy) + p{ (Ay, ®;) an (Hy, Py) } oT a aa (6) 


Since ® is a periodic function, we may write, by Fourier’s 
theorem, 


Po = 2 Ain, m2, mg mis + M.Go + M393) (u = Me es | )» 


My, M2, 13 


where the A’s are functions of the p’s only, and the summa- 
tion extends over all integral values of m,, mg, m3. Then 
since Hy does not involve 4, ge, 93, or ps, 


(Ho, Py) =—l oH >, A.e u(myqi + mq, + msgs) 


OP) 


.oH 
at Otto Sm, Ne U(m1 91+ m2go + 393) 


Ope 
=(0 (identically). 


H Et 
BENG (m5 + mM, et 


for all integral values of m,, mg, m3. 

Now the quantity in the bracket cannot vanish unless the 
Hessian does. : 

Hence Am, m,) mz Vanishes, except Agom, It follows that 
@, cannot involve gq), g2, but may involve q;. 


Now let ie 1 SB A gy etoile oes eres 
My, My, M3 
a SiG etm gi + mo92+ M393) 


MyMoM3 
M4, m2; m3 
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From equation (6) we have 


(H,, ®)) + (Ha, ®,) =0 ; 


OH, Of: , OHo OP: _ Oi dP 


Op On Op2” Og2 ON” OP 
oH, OD oH, 0®, is oH, ODy 


Oa; °° Ope | O93 Os OPs O93” 


whence, if ®) does not involve q3, we get, by substituting 
for H, and ®,, 


(rn, 22S + m2) Be 4m, 2% 4 m, 2%) 
C (mm Se, +m, Bs Bim, is +m, ahs Basha : 
Then, since this equation is true for all integral values of 
M1, Mo, M3, we can find an infinite number of values of 
m4, mz such that the left side vanishes. Then if B does not 
vanish for these values, we have the bracket on the right 
vanishing for all values of mz, and for the particular values 


o® 
of m, m2. Hencex— =0 and we get 


Ops 
oH H 
My re + Mg = =() 
D D 
My, = +My, Ce =(Q, 
Hence the Jacobian oo =( for these values of 
Io 2 


m,, m2. But there are an infinite number of such values, 
and the Jacobian is a continuous function. It therefore 
vanishes for all values. Hence ® is a function of H,, which 
we have proved not to be true: so that ® cannot exist. 

Poincaré shows that the case when B=O does not affect 
the result. 

Now we have assumed above that ®y does not involve g3. 
If it does, the whole argument is upset, and we cannot say 
that ® does notexist. In other words,if there are reasons for 
supposing the existence of such an integral, Poincaré’s theorem 
offers no objection. ‘There cannot be two such integrals, 
obtained independently, for in that case the problem could be 
completely integrated, and thereforethe problem in one plane: 
which contravenes Poincaré’s theorem. On the other hand, 
there may be two integrals, if one is the differential coefficient 
of the other. 


Phil. Mag. 8. 6. Vol. 25. No. 145. Jan, 1913. M 
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3. The Nature of the Integral. 


(i.) If the above argument is applied to the problem of 
attraction to two fixed centres, motion being coplanar, it will 
be found that a similar result is obtained. Here Hy is a 
function of p, only, and ® may exist, provided @y involves gp. 
But we know that an integral ® can be obtained in this case, 
and consequently the presumption is that it exists in the 
problem of three-bodies as here considered. 

(i1.) Poincaré’s original proof of his theorem was on some-. 
what different lines *. The existence of a one-valued integral 
means that two out of the six characteristic exponents (which 
are equal and opposite in pairs) vanish. In one plane, there: 
are four, and. Poincaré. shows that they cannot all vanish. 
But there is no argument against four of the six in our 
case vanishing. 

(ii.) The writer has made attempts to find ® by direct 
integration, but without success. It is unlikely that integra- 
tion in finite terms will be effective. 

pe? The integral obviously vanishes identically in one 
plane. 

(v.) There is a particular solution of this problem which 
has been discussed by Pavaninif. Here the body P oscillates. 
along the z axis, the two masses M and yp being equal. The 
integral © must either coincide with the Jacobian integral, 
or vanish identically when a, y, #, y vanish and M=ywp. 

— (vi.) It has been proved by Lindstedt ¢ and others that the — 

problem may be solved by trigonometric series involving three 
arguments. This is not incompatible with Poincaré’s theorem, 
since the series cannot converge in all cases. But what has 
been said above leads us to suppose that one particular series. 
may do so. 

Now we know, from Poincaré’s paper already referred to, 
that the problem admits of an infinite number of periodic 
solutions (which reduce to circles when the disturbing mass 
vanishes). The Lindstedt series will then become Fourier 
series. Assuming the solutions to be stable, we have, in the 
neighbourhood of each, other solutions which may be re- 
garded as oscillations about them, and thus a gradual 
transition in the nature of the curve. Now these periodic 
orbits must exist for all values of the inclination, and as we 


* “ Sur le probléme de trois corps et les équations de la dynamique,” 
Acta Math, xiii. (1890). 

+ “ Sopra una nuova categoria di soluzioni periodiche nel problema 
dei tre corpi,” Ann. di Mat. (1907). 

t “ Ueber die allgemeine Forme der Integrale der Dreikérperproblems,” 
Astr. Nachr. cv. (1883). 
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pass away from them the only causes which can ultimately 
lead to divergence are: (a) the eccentricity may become too 
large ; or (b) there may be too close approach to the dis- 
turbing mass, so that the mean motion and therefore the 
semi-major axis must be restricted. If we consider three 
Lindstedt series representing the complete solution for one 
integration, we get 1, P2, p3 in this form. Eliminate the 
eccentricity and the major axis. Then we get a series which 
does not involve these quantities, and therefore shows no 
tendency to diverge under any circumstances. Hence this 
is a true integral. 

1t may be added that such an integral would probably lead 
to interesting results in astronomical work. In particular, 
the fact that Bp involves g; might enable us to examine’the 
motion of the line of apsides in a new way. 


4. Summary. 


The restricted problem of three bodies in three dimensions 
probably admits of a hitherto unknown integral, which may 
be capable of- expression as a convergent trigonometric 
series. 

Bristol, 

Oct. 29, 1912. 


XVIII. Further Experiments on the Mobility of the Positive 
Ion at Low Pressures. By GrEorceE W. Topp, JISec. 
(Birm.), B.A. (Cantab.), late 1851 LHehibition Research 
Scholar of the University of Birmingham*. 


N a previous papert the author has shown that the 
mobility of the positive ion in gases at low pressures 
departs trom the inverse pressure law, but at pressures much 
lower than is the case with negative ions. For different 
gases the pressures at which the mobilities begin to show 
abnormality appear to be approximately proportional to the 
normal mobilities in the gases, so that the denser the gas the 
lower the pressure is at which the mobility begins to increase 
beyond that given by the inverse pressure law. In the case 
of the negative ions also}, for the same apparatus, and when 
certain conditions are kept constant, a similar relation is 
found to hold between the “critical” pressure and the 
normal mobility as holds for the positive ion. The curves 
* Communicated by the Author. 


t Phil. Mag. Nov. 1911, p. 791. 
{ Proc. Camb. Phil. Soc. xvi. p. 653. 
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in the paper quoted *, showing the relation between the product 
of pressure and mobility and the pressure for the positive 
ions, suggested that at pressures a little lower than those for 
which mobilities had been determined, something less than 
the molecule of the gas might be carrying the charge. 
Owing to the fact that the dimensions of the measuring appa- 
ratus became of the order of about fifty free paths of the gas 
molecules at these lowest pressures, it was impossible to 
draw definite conclusions as to the mass of the carrier from 
measurements of the mobility, so it was decided to construct 
an apparatus in which it was hoped to make the ions oscillate 
over a distance of 20 cm. instead of over 5 cm. 


Fig. 1. 
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Apparatus.—An idea of the apparatus may be gathered 
from fig. 1. e was a carefully insulated metal plate sur- 
rounded by an “earthed” guard-ring, and connected to a 


* Phil. Mag. Nov. 1911. 
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Wilson tilted electroscope. Below this electroscope plate 
was a tier of ten parallel circular plates, a, a,..., of 14 cm. 
diameter, insulated and equidistant from each other. In the 
centre of each there was a hole somewhat smaller than the 
diameter of the electroscope plate. The hole in the lowest 
plate was covered with a wire gauze G, below which, ata 
distance of one or two centimetres, was a platinum strip P 
covered with aluminium phosphate, which served as the 
source of positive ions. The whole of this was enclosed in 
a large bell-jar, which could be exhausted to the desired 
pressures with a mercury pump and a “ liquid-air-charcval ” 
tube. Krom each plate a fine wire carefully insulated with 
thin glass tubes and beads passed through the opening O in 
the bell-jar to the potentiometer L. ‘This was an ebonite 
tube three-quarters of a metre long containing water. It 
was divided into ten equal parts, and at each division a wire 
connected to its corresponding plate penetrated into the 
water. One end of this potentiometer was earthed, while 
the other was connected to a source of alternating potential. 
The latter was sometimes obtained from the town mains and 
sometimes from a specially designed commutator, described 
fully in the author’s previous paper (loc. ct.) on positive 
ions. The maximum potential was varied by the same 
contrivance as before, and will be sufficiently evident from 
the diagram (D). 

In measuring mobilities by the alternating field method 
it is essential that at every instant the field is uniform. The 
object of the parallel plates and the potentiometer L was to 
secure that condition. The distance between e and G was 
21 cm., and there were ten plates 14 cm. in diameter with 
central holes less than 4 cm. diameter. With such dimen- 
sions it was reasonable to assume that the field at any instant 
along the path of the ions from the gauze to the electroscope 
plate was uniform. That it was so is supported by the 
fact that the mobilities measured at the higher pressures 
agreed with those obtained with two parallel plates near 
together. 

The phosphate-covered strip was heated by the accumulators 
A, and the temperature regulated by means of a variable 
resistance to give a convenient number of positive ions to 
work with. A small potential C was maintained between P 
and G to direct the ions to the gauze. 

The measurement of the mobility was made in the usual 
way by plotting the current to the electroscope for various 
maximum values of the alternating potential. If the latter 
has a period T, and the distance between the gauze and the 
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electroscope plate is d, then for an ion just to go the whole 
distance we must have 


U 5 
d=— E.. dé, 


e/0 


where w is the mobility and E the value of the alternating 
potential. The town mains gave very approximately a sine 
curve for the value of H, so that the mobility was given by 

gl 

‘= BT e 
In the present apparatus d=21:0 cm., T=1/90 sec., and 
putting Ey=./2 . e, where e is the “ effective ” value of the 
alternating potential, we find the mobility 
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In the case of the commutator the value of (” H.dé was 
<0 

determined from the form of the curve, which was known 

from the construction of the commutator. Putting in this 

value and the proper constants, the mobility was given by 


1764 
Ko 


where n is the frequency of alternation. 

Experiments.—As in previous experiments, it was found 
that the presence of traces of water-vapour seriously affected 
the mobilities at low pressures. When water-vapour was 
present, diminution of the pressure beyond a certain point 
apparently depending on the amount present resulted in a 
diminution of the mobility. By the prolonged application 
of liquid air to a charcoal tube in connexion with the appa- 
ratus, and by introducing carefully dried gas, this diminution 
disappeared. Mobilities could easily be measured down to 
pressures of about 1/20 mm. At high pressures, whether 
the town mains or the commutator were used as the source 
of alternating potential, approximately the same mobilities 
were obtained as those in previous experiments, but as scon 
as the pressure went down below a millimetre the mobilities 
varied with the rate of alternation of the field if this were 
high, and, moreover, they showed nothing like the enormous 
increases which were observed with the alternating chamber 
of smal) dimensions. ‘The tables and curves below give some 
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results when the rate of alternation was low but constant, 
the source of potential being the town mains. 


CO.. 
Press. p. é. Mob. w. pu. | 
1:47 mm. 156 v. 565 cm./sec. 83 | 
1:18 109°5 806 91 
93 82:9 1063 99.6 54 
525 43-7 2020 103 | 
507 39-4 2240 113 
‘451 33°77 2620 Ree eS 
350 24-5 3600 26 
-300 195 | 4530 | 186 
210 HS 6100 130 | 
136 916 | 9620 ea nT 
Beis 2091 477 18550 es TRO | 
053 271 | 32600 hog e | 
i: 
| | | 
Press. p. é. | Mob. wu. pu. 
os SSS 8S _ Ea aaa — a 
3°54 mm. ag Be Sa 1358 em./sec. | 481 | 
2:68 AT he 1878 | 505 
1:50 Py WR a Ree 485 
1-27 200 | 4410 | 560 
99 1435 | 6160 be GO 
‘67 Oi nter xt O570 | 641 
| -420 545 | 16200 | 680 
“380 459° | 19200 Pea fae 
Ox. 
Press. p. é. Mob. w. pu. 
1:57 mm. 114 v. 771 cm./sec. 121 
1:39 83:9 1015 141 
P27 83-0 1062 135 
1:06 61-9 1426 151 
‘79 44-1 2000 158 
63 35:1 2523 159 
480 294 3940 189 
‘410 17°6 5010 206 
250 11-15 7920 198 
172 551 16050 276 
‘151 5:92 14900 225 
27 


091. | 2:98 | 29600 
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The dotted line in the curves (fig. 2) shows the relation 
between the product pu and the pressure p for carbon dioxide 
when the plates of the alternating chamber were 5 cm. apart. 
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The difference between the dotted and continuous curves is 
remarkable, and should lead to information concerning the 
nature of the ions at low pressures. In a paper containing 
results of experiments on the mobility of negative ions at 
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low pressures (loc. cit.), the writer has suggested that cor- 
puscles have to travel a very considerable number of molecular 
free paths from the source of formation before an equilibrium 
state of ionization exists. If the distance over which the 
mobility is measured is too small, and the source of forma- 
tion of the corpuscles is at or near one boundary of this 
distance, the proportion of ions reaching the other boundary 
as aggregates of gas molecules will be smaller than if the 
distance had been sufficiently large for equilibrium to have 
been reached. Thus the mobility would appear to be higher 
thannormal. Increasing the distance between the boundaries 
of the alternating chamber gives more time for the ions to 
attain equilibrium conditions, hence the mobility departs less 
from the normal value. 

Now if the positive ion is of the same nature as the 
negative ion, there should also be an increase in its mobility 
when the pressure is sufficiently low and the distance between 
the plates of the measuring chamber small enough. More- 
over, the mobility should approach nearer the normal value 
when the boundaries are much farther apart. This has been 
shown to be the case in the tables and curves above. The 
fact that abnormality sets in at much lower pressures than 
in the case of the negative ion, indicates that the charged 
nucleus of the positive ion is of much bigger dimensions 
than that of the negative ion. 

Some measurements were made with the pressure constant 
and rather low, using different rates of alternation of the 
electric field, and it was found that after the frequency had 
passed a certain value the mobility began to increase. An 
increase in the rate of alternation means of course an increase 
in the electric field, if the ions are to travel the same distance. 
As the potential increased a stage would be reached when 
the violence of collision of the ions would prevent the for- 
mation of the normal clusters of molecules, and thus a 
different condition of equilibrium would result in which the 
size of the clusters on the average would be smaller than 
usual, and the mobility at this stage would consequently 
show an increase. Further, the proportion of ions present 
with sufficient energy to ionize the gas molecules by collision 
would help in the same direction. 

A set of readings showing the relation between the frequency 
of alternation and the mobility when the pressure was con- 
stant is given below (p.170). The pressure for this particular 
set of readings was °365 mm., and it will be noticed that after 
the frequency had passed 150 per second the mobility began to 
increase. At lower pressures the increase began at lower 
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frequencies, while at high pressures it was impossible, with 
the limited frequencies obtainable with the apparatus used, 
to get any increase in the mobility. Without doubt, if the 


| 
Frequency 2. | Mobility 2. 
dd 3710 
92 | 3750 
| 103 | 3690 
122 3670 
178 3810 
210 4010 
257 4490 
| 286 4520 
| 318 3020 
| \ 


frequency could have been increased sufficiently an increase 
would also have been observed in these cases. From several 
curves showing the relation between the mobility and 
frequency for a number of pressures, fig. 3 was constructed. 
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At high pressures, whatever the rate of alternation used in 
the experiments, the products of pressure and mobility lie 
on the same curve. For frequencies of from 50 to 130 per 
second no differences from curve I. could be detected. 
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Curves IJ. and III. show the changes produced by ga 
of 220 and 300 respectively. 

In previous work on the. positive ion the author was not 
able to detect any certain difference in the mobility with 
change in the rate of alternation. This can be accounted 
for in two ways. It was not possible, in measuring mobilities 
below the “ critical ” pressure, to employ, with the ‘dimensions 
of the apparatus, very different frequencies. The fields also 
were not strong enough to cause collisions sufficiently violent 
to prevent the formation of the normal ionic aggregates. 

It has been shown™* that in gases subjected to an ionizing 
influence at ordinary pressures, positive ions exist with 
mobilities corresponding to aggregates of from one up to 
five or six molecules of the gas. Altberg found also that a 
small percentage of the negative ions in a gas at ordinary 
pressures had a mobility giving an ionie mass of less than a 
single molecule, a result which one would expect if the 
nucleus of the negative ion were a corpuscle existing for a 
fraction of its life in the free state. The same experimenter 
found that the smaller ions had a shorter life than the larger 
aggregates. Now we should expect when the pressure is 
diminished, and consequently the mean free path increased, 
that the lives of all aggregates would increase in the same 
proportion. Hence for normal mobilities to be obtained, 
the measuring apparatus must also be increased in the same 
proportion. 

It should be mentioned that the experimental results 
obtained in the present paper lend some support to a theo- 
retical investigation on the nature of an ion by Kleeman f, 
in which he develops the idea of a continually changing 
aggregate to explain some properties of ions. 

“Tf the views expressed are correct, it ought to be possible 
to obtain abnormal mobilities at ordinary pressures by the 
alternating field method. The plates of the alternating 
chamber would have to be very near together, and the 
frequency of alternation very high. Some trouble would be 
caused by diffusion with the plates so near together. 

This work was carried out at the Cavendish Laboratory, 

and the author, in concluding, wishes to express his many 
thanks to Sir J. J. Thomson for his interest in it. 


Birmingham, Noy. 15, 1912. 


* Altberg, Ann. d. Phys. p. 849 (1912). 
T Proc. Camb. Phil. Soc. xvi. p. 285. 
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XIX. A Study of the Ionization produced by B and y Rays 
at High Pressures. By D. C, H. Fuorance, 12.A., 
M.Se.™ 


[Plate I.] 


£ baer ionization produced by y rays in a closed vessel is 

due partly to the @ rays escaping from the walls, and 
partly to the B rays set up from the molecules of the gas. 
There is no definite proof that y rays ionize directly. 
Kleeman (Proc. Roy. Soc. March 1909) has attempted to 
separate the wall effect from the gas effect by means of the 
magnetic deflexion of the 6 rays from the wall. He has 
also made a determination of the velocities and penetrating 
power of the “emergent” and “ incident” secondary 8 rays 
produced by y rays. aby and Kaye (Phil. Mag. Dec. 
1908), working with pressures up to 20 atmospheres, and 
Wilson (Phil. Mag. Jan. 1909) with pressures up_ to 
40 atmospheres, have investigated the effect of pressure 
on the ionization produced by y rays in a closed vessel. 

Kovarik (Abstract Phys. Rev. Feb. 1912), by increasing 
the pressure of the air in his ionization-chamber to about 
20 atmospheres, has found the absorption coefficient of the 
8 rays from Rak to be 0:0149 cm.~! air, and of the harder 
Brays from RaD to be 0:094 cm.-? air. The writer has 
found the absorption coefficient of the 6B rays from Ur X 
to be 0007 cm.~* air. | 

In the present paper a pressure of 80 atmospheres has 
been attained, and the apparatus has been so arranged that 
the 8 rays emitted from different metals could be examined. 
It was thus hoped that the absorption coefficients of the 
‘“‘emergent”’ and “incident” secondary 8 rays could be 
determined, and an estimate made of the relative number 
of 8 particles from the walls and from the gas contained in 
the ionization vessel. On account of the impossibility of 
securing a definite cone of y rays and the incompleteness of 
certain experimental data, these quantities could only be 
approximately determined. 


Apparatus. 


The ionization vessel (fig. 1) was cylindrical, 7°4 cm. in 
diameter and 27:5 cm. in height. The pressure, which 
could be raised to 80 atmospheres, was measured by a eare- 
fully calibrated steel tube-gauge. <A is a compound plate 


* Communicated by Prof. EK, Rutherford, F.R.S. _ 
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consisting of a bottom one of brass and two others of alu- 
minium (3°3 mm. thick) and lead (3:2 mm. thick), the latter 
two being reversible. This compound plate, supported and 
insulated from the vessel by means of a plate of ebonite, 
was connected toa battery which gave a voltage of 1800. 


ES) 

eis 
a) 

[i 


70 GAUGE AND 
PRESSURE CHLINDER * 


70 EARTH CONDENSE/? 


POTENTIOMETER 


The y rays which pass through the bottom of the vessel 
and compound plate remain approximately constant. The 
lead absorbed some of the soft y rays scattered by the base 
of the vessel. The upper plate, either of Al or Pb, was sup- 
ported by means of a brass tube to an electrode at the top of 
the vessel. The distance apart of the two plates could be 
varied. For certain experiments the upper plate was thin 
aluminium-foil (0°00024 em. thick) stretched over a brass 
ring, which was supported by knitting-needles to the 
electrode. 
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A balance method, similar to that described by Townsend. 
(Phil. Mag. May 1903), was used in these experiments for 
measuring the ionization currents. This method was found 
to be far more accurate and certain than the ordinary rate 
method. A Dolazalek electrometer of sensibility about 
400 mm. divisions per volt was used. The experimental 
arrangement is shown in fig. 1. 


Variation of Current with Voltage. 


It is important that at each given pressure the saturation 
current should be measured ; but it was found quite impos- 
sible to obtain complete saturation, even at low pressures, with 
a voltage of 2200. In fig. 2 (PI. I.) the saturation curves for 
the ionization due to the 6 rays from Ur X are shown when 
the pressure in the ionization-chamber was raised from 5 to 
70 atmospheres, and the voltage was increased from 80 to 
1800 volts. Although for no pressure was complete satura- 
tion obtained, it should be noticed that all the curves are of the 
same character, and that there is a constant ratio between 
the ionization currents at any two given pressures when the 
voltage is constant. It would therefore appear that the true 
saturation current at any pressure is a definite multiple of 
the ionization current measured for a particular voltage. 
The shape of the saturation curves due to # rays at high 
pressures resembles those obtained for « rays‘at ordinary 
pressure. There appears to be the same difficulty in 
obtaining complete saturation. The saturation curves ob- 
tained when y rays were used as the source of ionization 
were similar to those obtained for the 6 rays of Ur X. 

An experiment was then carried out to see whether the 
saturation curves depended on the activity of the source. 
Two definite pressures, 5 and 25 atmospheres, were chosen. 
The saturation curves were plotted when the voltage was. 
increased from 80 to 1800 voits. By a suitable adjustment 
of the lead screens in front of the radium, the ionization 
current for a given voltage and pressure was doubled. It 
was found that the ionization current was also doubled for 
all voltages at both pressures. 

The numbers quoted by Laby and Kaye (Phil. Mag. Dec. 
1908) seem to support the above results, except that they 
got complete saturation at 1500 volts for a pressure of 
8 atmospheres and at 3500 volts for a pressure of 15 atmo- 
spheres. The writer had not available higher voltages than 
2200, and was unable in any case to obtain evidence of com- 
plete saturation. In the experiments to be described later, 
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it has been assumed that no sensible error in the relative 
values of the ionization currents has been introduced by 
using a voltage of 1520 when the plates were J. em. apart. 


Absorption by Air of the B rays from Ur X. 


When y rays pass through any material some of the 
y rays are absorbed and @ rays are consequently produced. 
‘“ Hmergent” @ rays continue in the direction of the original 
y rays, and “incident” 8 rays are returned in the opposite 
direction. In order to obtain some idea of what happens to 
the emergent and incident @ rays in the ionization vessel 
when the pressure was increased, a comparison was made 
with the 8 rays of UrX. This active material was chosen 
becanse a thin film could be easily prepared of any desired 
area, and the 8 rays correspond approximately in penetrating 
power to the 8 rays from Radium C. 

A uniform layer of Ur X was deposited on platinum 
foil about 3.cm. in diameter. This was covered with alu- 
minium 0°2 mm. thick to absorb soft @ rays. This active 
material was fixed to the lower plate. The upper plate was 
aluminium foil (0°00024 em. thick), so that reflexion in the 
case of the upper plate was reduced to a minimum; yet 
there would undoubtedly be a certain amount of reflexion 
from the interior of the vessel, and this it was impossible to. 
estimate. The distance between the plates was 1 cm. The 
pressure in the vessel was increased, and the ionization 
currents were measured for the different pressures. The 
results are shown graphically in fig. 3 (Pl. I.). Assuming that 
ionization and absorption are proportional to the pressures, 
the saturation current at any pressure should be given by 


i=A(1—e-?), 


where A=a constant ; 
p= pressure in atmospheres ; 
X=coefficient of absorption at unit pressure ; 
d=distance apart of the plates. 


The curve, fig. 3, can be expressed approximately by an 
equation of this type, and the value of X was thus found to 
be 0°04 cm.~!. Lf we calculate the absorption coefficient of 
the @ rays in air from the known absorption coefficient in 
aluminium, assuming the density law, X=0°0064 approxi- 
mately. ‘This discrepancy between the observed value and 
the calculated value cannot be ascribed to lack of saturation 
at the high pressures, 
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Consider the shape of the ionization-chamber and the con- 
sequent paths of the @ rays. Hach plate is 7 cm. in diameter, 
the distance apart is 1 cm., and the active material is spread 
over a surface 3 cm.in diameter. If the 8 rays pass out 
equally in all directions, not more than 20 per cent. of the 
total number of 8 rays emitted will traverse.a distance less 
than 1°3 cm.; and about 30 per cent. will have a path of 
3°5 cm. in air. Hence, instead of the effective distance 
between the plates being 1 cm., the average path between 
the plates, allowing for the obliquity of the rays, is roughly 
2-2 cm. Allowing for this correction, the value of the 
absorption coefficient should be 014, instead of the calcu- 
lated value :0064. The experimental value is, however, 
“04 cm.7!. 

No account has been taken of scattering and multiple 
reflexion, and it is obvious that these factors are of great 
importance in the present case. Since the upper plate is 
Al foil, the 8 rays reflected from the walls and top of the 
vessel will have a certain ionizing effect on the gas between 
the plates. It is difficult to evaluate this effect. The 
number of @ rays striking the walls decrease as the pressure 
in the vessel increases; but the ionization due to these 
reflected 8 rays will rise to a maximum and then diminish, 
The 8 rays turned back by the air above the Al foil will 
first increase to a maximum with pressure, and then decrease 
on account of the absorption of the 8 rays between the 
plates. The ionization due to these 8 rays will increase to 
a maximum and finally decrease as the pressure is raised. 
There will also be a small effect due to the @ rays finally 
reflected back from the plate carrying the active material. 
A certain number of the primary 8 rays that penetrated the 
bottom plate will be scattered back into the gas. Wilson 
(Proc. Roy. Soc. March 1912) has recently shown that the 
absorption coefficient in aluminium of reflected @ particles 
may have average values ranging from 14 to 40. 

Hence, taking into consideration scattering and multiple 
reflexion and the consequent variation of ionization due to 
increase of pressure, the discrepancy between the experi- 
mental and the calculated value of the absorption coefficient 
can be explained. The curve (fig. 3) can be resolved into 
its various components in order to allow for the separate 
f-ray effects, but the data at present available are too 
incomplete to give definite values for all the factors 
involved. . 

An experiment was made to show definitely that the high 
value obtained for the absorption coeflicient was due mainly 
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to the obliquity and the scattering of the 8 rays. The Ur X 
was placed at the bottom of the ionization-chamber and 
covered with 0-1 mm. of aluminium. At a distance of 
4-3 cm. above the active material was a lead plate, 2°3 mm. 
thick, with a circular opening 3 cm. in diameter. Over this 
opening was fastened a sheet of aluminium, 0°1 mm. thick, 
to absorb soft scattered radiation. The upper plate was 
Al foil, and the distance apart was 1°2 cm. The lead plate 
and aluminium covering were charged to 1520 volts. 

As the pressure in the vessel was raised the ionization 
between the plates increased until it reached a maximum 
and then decreased. The distance between the active 
material and the bottom plate being 4:3 cm., and the 
circular opening in the lead and the surface of the active 
material being both 3 cm. in diameter, the direct distance 
that the @ rays had to traverse was between 4°3 and 5 cm. 
in the lower chamber, and between 1:2 and 1°3 cm. between 
the plates. 

The corresponding problem for @ rays has been given by 
Rutherford in ‘ Radio-Activity.’ 

The saturation current is proportional to 


I, 


L ( — pad, — ePr4,) : 


This is a maximum when 


log. = —pr(d,—d,). 
2 
From this expression 
A="0076. 


Allowing for the obliquity of the rays, X would be about 
‘007. It should be noticed in fig. 4 that at 80 atmospheres, 
when the 8 rays bave passed through a distance equivalent 
to 390 cm. at normal pressure, there is a considerable ioni- 
zation effect between the two plates. Substituting »=-0076 
in the expression for the saturation current and plotting the 
curve, there is a fair agreement between the theoretical and 
experimental curves. 

The experiments with Ur X were in progress for over‘a 
fortnight, so that the decay of Ur X was also examined. 
For any definite pressure the period of Ur X was found to 
be about twenty-two days. 

When the Ur X was covered with :4 mm. of Al the ioni- 
zation-pressure curve was similar to that obtained when the 
material was covered with ‘2 mm. of Al. The absorption 
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coefficient of the 8 rays in aluminium (between ‘2 and 
‘4 mm.j for any pressure was approximately 19 cm.~?, 
whereas in the usual experimental arrangement the value 
is 14. 


The Effect of the Final Plate on the Amount of 
Emergent 8 Radiation. 


The y rays passing into the ionization-chamber were 
always approximately of the same intensity. The ionization 
between the plates at atmospheric pressure should be mainly 
dependent on the nature of the plates. Since at atmospheric 
pressure the ionization currents were extremely small, 
another experiment was performed to see how the quantity 
of emergent 8 rays depended on the material of the plates. 

Fig. 5 illustrates the experimental arrangement. The 
ionization-chamber (kindly lent by Mr. Moseley) was con- 
structed of Al foil supported on knitting-needles. It was 


Fig. 5. 
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about 7°3 em. cube. This ionization-chamber rested on thin 
glass tubes. Against the side of the ionization-chamber 
nearest the radium was arranged the foilowing series of 
plates :— 


Plate ...| wae Aluminium. | Iron.| Tin. | Lead. | Lead. 


roe tae 3-4 21] 20| 43 | 92 


in mm. 


Between the plate of lead 9°2 mm. thick and the vessel 
there was just sufficient space to admit one of the other 
plates, the 8 rays of which were to be examined. The 
y rays always passed through the same quantity of material ; 
hence, in each case the effect observed was chiefly due to 
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the 8 rays emerging from the plate next to the ionization- 
chamber. The plate of lead 9:2 mm. thick was placed near 
the vessel to reduce to a minimum the effect of the scattering 
in the substances of smaller atomic weights. The curve 
(fig. 6, Pl. I.) is similar to that obtained by Bragg (Phil. Mag. 
Dec. 1908). 


The Ionization due to the y Rays of Radium. 


The experimental arrangement is shown in fig. 1. The 
source of y rays was 30 mers. of radium bromide. It is 
impossible to secure a perfect cone of y rays on account of 
the scattering they undergo whenever they traverse matter. 
Precautions were, however, taken to obtain an approximate 
cone of rays. A conical opening was cut in a large block of 
lead, and the radium was placed in a definite position at the 
apex. Four lead slides, each 3 mm. thick, were placed in 
the positions marked in order to cut out the softer y rays. 
Practically all the y rays entering the ionization-vessel 
proceed from this conical opening. The space between the 
plates is traversed by the main cone of y rays together with 
those y rays scattered from the original cone by the plates. 
Besides the 8 rays produced by the y rays from the two 
plates, there are also # rays set up in the walls of the vessel 
due to the scattered y rays. 

Experiments were carried out— 


(1) Keeping the bottom plate the same and varying 
the upper plate—Pb, Al, or Al-foil ; 

(2) Keeping the upper plate the same and reversing 
the bottom plate Al or Pb ; 


(3) Varying the distance between the plates in each of 
the two previous arrangements. 


Fig. 7 (Pl. I.) shows the results obtained when the plates 
were kept at a constant distance of 1em.apart. In curve A 
the lower plate was aluminium and the upper plate lead, and 
in curve C the lower plate was lead. When the y rays pass 
through 1°5 cm. of lead there are more emergent 8 rays 
from aluminium than from lead. Hence, if the curve C is 
subtracted from the curve A, or D from B, then the differ- 
ence should give the approximate effect of the additional 
8 rays from the aluminium plate. The difference between 
the curves gives an indication of what happens to a certain 
proportion of the corpuscular emergent radiation when the 
pressure is varied. Since more # rays are scattered from a 
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plate of lead than from a plate of aluminium, the curve 
(A —C) is greater than (B—D). From the curve (A—C) 
(fig. 8) the apparent coefficient of absorption of the @ rays 
is observed to be approximately 0:046 cm.~1; and it has 
already been shown that the absorption coefficient of the 
8 rays from Ur X determined under similar conditions was 
0-04 cm.7?. 

There are more “ incident ” 8 rays ejected from lead than 
from aluminium ; hence the difference between the curves 
A and B, or C and D, will give a general indication of the 
behaviour of a certain proportion of the incident @ rays. 
The coefficient of absorption of these incident 8 rays = 
0°056 cm.~' approximately. The emergent @ rays appear 
tc be more penetrating than the incident @ rays ; and this is 
to be anticipated just as in the case of scattered @ rays, which 
are more absorbable the greater the angle through which 
they have been deflected. 

Beatty (Phil. Mag. August 1910) has found that the 
incident corpuscular radiation produced by a homogeneous 
beam of X rays was similar in penetrating power to the 
emergent corpuscular radiation. 

When the upper plate was aluminium foil and the lower 
plate changed from lead to aluminium, the curves were 
similar to those in which aluminium was the upper plate. 
The absorption coefficient for the emergent @ rays in this 
case was 0°04 cm.7}. | 

In all these experiments the 8 radiation appears to be inde- 
pendent of the plates except for multiple reflexion, and the 
emergent radiation rather more penetrating than the incident. 

The curves of fig. 7 are all concave to the pressure axis. 
Bragg predicted that with a light substance for the upper 
plate the curve should be convex to the pressure axis. An 
attempt was made to obtain this condition by making the 
upper plate of Al foil and having a column of air 24 em. 
high above the plate. In order to reduce still further the 
scattered 8 rays, the top of the vessel was lined with carbon 
and the side of the vessel lined with ebonite coated with 
Al foil. Of course this has not reduced the problem to the 
simple one that Bragg assumes—namely, no radiation from 
the sides of the vessel and none from the upper plate. The - 
result thus obtained is similar to that in which an aluminium 
plate was used. At lower pressures the ionization current is 
slightly greater for aluminium foil, and at the high pressures 
less than the current given when the upper plate is ; aluminium. 
Before discussing the curves further let us briefly consider 
the theory of the ionization by vy rays. 
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The theory for a large shallow ionization-chamber has been 
worked out by Bragg (Phil. Mag. Sept. 1910). The lower 
plate was supposed to be composed of some dense material, 
and the upper plate of some material that would reflect very 
few B rays. Hence, using Bragg’s notation, we have :— 


I. The wall effect, 2. e., the ionization produced in the 
chamber by the emergent 6 rays, 
=kI(1—e*”)/r; 
where 
D=depth of chamber x density, 


X =weight absorption coefficient of 8 rays in the plate, 


i= ” ” eo) ” in the gas, 
}/ = 3 As 5 rays in the gas, 
k= A By + 6 in the plate. 


II. The gas effect 
=k'DI—#'T(1—e™?)/n’. 


The total ionization in the chamber 


=1{ pv +(¢- x)(1—e-*2) t 


In the present experiments it was found impossible to 
reproduce such simple conditions. A complete expression 
representing the action of the y rays is very complex, and 
the value of the constants too uncertain to make such an 
expression of any value in the present case. It is necessary 
to take into consideration the effect of the 6 rays set up in 
the sides of the vessel due to the scattered y rays and 
the effect of multiple reflexion on the resultant ionization. 
Again, the indirect ionization produced by the y rays in the 
gas will depend, to a certain extent, on the lower and upper 
plates. A lead plate will always return more £ rays into the 
ionization-chamber than will a plate of aluminium. There 
is in fig. 7 a slight difference in the final slope of the curves, 
but the pressure has not been raised sufticiently high to 
determine how far this is dependent on the plates. 

From figs. 3 and 8 it is seen that the @ ray curve due to 
Ur X is similar to that obtained by plotting the differences 
in the ionization currents when the bottom plate is changed 
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from Al to Pb. Hence we conclude that the 8 rays from 
the walls of the vessel are similar to the 8 rays from 
UrX. With y rays we have not only this “ wall effect,” 
but we have also the “ gas effect”? ; and this shows itself in 
the final slope of the curve, which at 80 atmospheres is still 
increasing, and at arate apparently dependent on the material 
of the plates. 

Taking the simplest case, that of two plates of aluminium 
1 cm. apart, curve B (fig. 7), between 0 and 20 atmospheres, 
is similar to that obtained by Laby and Kaye (Phil. Mag. 
Dec. 1908) when the sides of their ionization-chamber were 
aluminium and at a distance 1‘1 cm. apart. Assume that 
the average coefficient of absorption of the 8B rays proceeding 
from the walls is equal to 0:04, which was the experimental 
value found for the 8 rays of Ur X. The ionization-pressure 
curve for these @ rays reaches a maximum at about 80 atmo- 
spheres. For y rays, when the plates are 1 cm. apart, the 
lonization due to the @ rays set up in the gas should be 
small at 5 atmospheres. If we assume, then, that most of the 
ionization in the gas at this pressure is due to the 6 rays 
from the walls, the ionization at the other pressures can be 
represented by the curve « of fig.9. The difference between 
the curves B and w is the curve y, which consequently repre- 
sents the value of the ionization due to the y rays in the gas 
at the different pressures. It seems improbable that the 
effect due to the y rays in the gas is smaller than that repre- 
sented by the curve y. 

The “ gas effect” is given by the expression | 


k'DI—W(1—e-*”))n, 


where k’ and 2’ are the mass absorption coefficients for y and 
B rays respectively. A correction has to be made for the 
ionization due to the 8 rays that are reflected from the Al 
plates. It is difficult to decide what values ought in this 
case to be given to the absorption coefficients of the 8 rays 
before and after reflexion, and also the value to be assigned 
to the constant of reflexion, By an arbitrary choice of these 
values the curve y can be obtained. 

To determine the maximum limit of the y ray effect, a 
tangent is drawn to the curve 8 at 80 atmospheres and the 
line Oz is drawn parallel to it. The straight line Oz would 
represent the ionization due to the y rays in the gas if the 
bottom plate had been the same density as air. Since the 
bottom plate has cut out the @ rays that would have comé 
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from the corresponding plate of air, the true gas effect must 
be represented by a curve the ordinates of which are con- 
siderably less than those of Oz. When the aluminium plates 
are 1 cm. apart, it is probable that at 80 atmospheres not 
more than 25 per cent. of the total ionization is due to y rays 
producing 8 rays in the gas, and that at atmospheric pressure 
the effect is negligible. 

When the plates are 2 cm. apart (fig. 10), the apparent 
absorption coefficient of the emergent @ rays is equal to 
0-025 cm.~! approximately, and under similar conditions the 
absorption coefficient of the @ rays from Ur X=0°:025 cm.7!. 
Hence it would appear that the @ rays produced by y rays 
are similar in penetrating power to the 8 rays of Ur X. The 
high values obtained for the absorption coefficients in these 
experiments are due to the obliquity of the paths of the rays, 
and to the multiple reflexion taking place in the chamber. 


Summary. 


1. The apparent coefficient of absorption of the @ rays 
from Ur X was found to be 0:04 cm."l air. By a special 
arrangement this value could be reduced to 0:007 approxi- 
mately. 

2. The ‘‘emergent”’ @ rays produced by y rays from 
RaC havean absorption coefficient 0°046 em.7! air, and 
the incident 8 rays 0°056 cm.~! air. The emergent 
8 rays are similar in penetrating power to the @ rays of 
Ur X. 

3. The absorption coefficient of the @ rays of Ur X, and of 
the emergent @ rays when the plates are 2 cm. apart, is 
0:025 cm.~1 approximately. 

4, The @ rays appear to be independent of the material of 
the plates, as other investigators have also shown. 

5. When the plates are 1 cm. apart the ionization due to 
y rays in the gas is negligible at atmospheric pressure, and 
is approximately 25 per cent. of the total ionization at 
80 atmospheres. 


I wish to thank Prof. Rutherford for suggesting this 
research, and for his advice during the course of these 
experiments, 


lyase 


XX. The Retardation of « Particles by Metals. By 
BE. Marspen, M.Sc., Lecturer in Physics, and H. 
Ricuarpson, B.Sc., University of Manchester *. 


NE of the most characteristic properties of the « par- 
ticles is the existence of a definite range or distance 
through which they can travel in air or other material. 
This range differs for a particles from different radio- 
active products, but is characteristic of the product. Bragg 
and others have shown that in the case of @ particles from a 
single product the length of the range depends not only on 
the density of the material penetrated but also on its 
chemical nature. Thus, if different gases be taken and 
adjusted by temperature or pressure until they are of the 
same density, it is found that they absorb @ particles 
hy different amounts, the absorption being apparently a 
function of the atomic weights only. Further, Bragg has 
shown that if a thin sheet of metal foil is interposed in- 
the path of a homogeneous pencil of « particles in air, 
the range of each @ particle is approximately reduced by 
the same amount, depending on the thickness and material 
of the foil interposed. In other words, the individual 
a particles are not stopped by the foil but have their 
velocities reduced by the same amount. In this way Bragg 
has determined the amounts of various substances necessary 
to cut down the range of « particles by one centimetre in air, 
and has noticed that the weights per unit area necessary for 
different materials are approximately proportional to the 
square roots of the atomic weights. 

It was observed, however, that in the case of @ particles 
from RaC, for example, the air-equivalent of a metal foil, 
or the amount by which the foil cuts down the range in air 
at atmospheric pressure, is not quite the same when-the foil 
is placed directly over the RaC as when it is placed a few 
centimetres from the source t+. Taylor { has investigated 
this question more fully, and has shown that for layers of 
material of atomic weight greater than the average atomic 
weight of air, the air-equivalent descreases with decreasing 
velocity, or range, of the entering a particles, while in the 
case of hydrogen, whose atomic weight is less than that of 
air, the air-equivalent increases with decreasing velocity. 


* Communicated by Prof. H. Rutherford, F.R.S. 

+ Bragg, Phil. Mag. vol. xiii. p. 511 (1907). 

{ Taylor, Amer. Journ. Sci. vol. xxvii. p. 357 (1909); Phil. Mag. 
yol. xviii, p. 604 (1909). 
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The results also showed that the rates at which the air- 
equivalents varied with the velocity of the « particles were 
functions of the atomic weight—the rate of variation for 
gold, for example, being greater than the variation for 
aluminium. 

The method employed in these experiments consisted 
in the observation of the ionization current between two 
parallel sheets of gauze placed normal to a pencil of 
a particles and near the end of the range. It is known 
that the ionization changes rapidly with distance near the 
end of the range ; and the alteration in air-equivalent of a 
foil when it was moved between the source and the ioniza- 
tion-chamber was deduced from the change in the ionization 
‘current. In these experiments, however, the amount by 
which the foil could be moved between the source and the 
end of the range was limited by mechanical difficulties, and 
the measurements were not made at the beginning or end of 
the range. In particular, they were not extended to cases 
where the range of the particles left after traversing the foil 
under investigation was greater than about 9mm. More- 
over, it is known that the velocity of an «@ particle falls 
very rapidly in the last centimetre of range, so that obser- 
vations in this portion are important. Further, the 
ionization method of measuring ranges is somewhat affected 
by the scattering of « particles, which becomes very pro- 
nounced for low velocities. 

It seemed to us, therefore, that the scintillation method, 
by which the individual « particles themselves are observed, 
is In some respects more direct for such measurements. 
Further, the scintillation method is often more convenient 
for determining the air-equivalents of metal foils, and it 
seemed of value to determine absolutely the connexion 
between mass per unit area and air-equivalent for different 
foils and different velocities of « particles. 

The apparatus used is shown in fig. 1. It consisted 
essentially of a travelling microscope M, with a zinc- 
sulphide screen Z, attached rigidly to the objective, so 
as to be in focus. As source of @ particles a conical 
tube A containing about 1 millicurie of radium emanation 
was used. The end of the tube was closed air-tight by 

a thin mica window fused on to the tube by AoCl. The 
Etcairdlent of the mica was about *8 cm., so that a 
pencil of the RaC€ @ particles emerging from the tube had 
a range of about 6°3 cm. <A metal foil F, whose air- 
equivalent was under investigation, could be placed on a 
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platform P and adjusted to any required distance from the 
zinc-sulphide screen Z by means of a ratchet-screw, 8). 


The experiments were carried out in a dark room. The 
microscope, along with the zinc-sulphide screen, was raised 
until the screen was just outside the range of the @ particles, 
this adjustment being made by observation of the scintilla- 
tions. Only the « particles given off from the RaC deposited 
on the inner surface of the mica were used in this adjustment, 
as they have the longest range. Owing to their large number 
and homogeneity, however, the adjustment could be made 
rapidly and accurately and the position afterwards read on 
the vernier and scale, V. After the readings corresponding 
to several adjustments had been taken, the metal foil was 
placed in position and the end of the range again determined. 
‘he difference between the readings then gave the air- 
equivalent of the foil in the particular position. The 
position of the foil was then altered and recorded on the 
scale K, and the adjustment to the end of the range 
repeated. In jthis way a series of values of the air- 
equivalent was obtained for different positions of the foil. 
To obtain an average value in any position, the foil was 
moved in a horizontal plane and readings taken for different 
positions. ' 

The following table gives an example of a set of 
readings:— | 
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TABLE I.—Gold No. 5. 


Weight per unit area=‘002186 grm. per sq. cm. 
Pressure 774 mm. Temp. 17°C. 


Reading on Emergent 1 Wage Air- 
scale K. range. for end of range. equivalent. 

cm. cm. 

Zero. sie 8845 oo 
0°58 0-08 8:525 “320 
1:00 0°40 8460 3885 
1:50 1:00 8422 “423 
2°00 1°50 8400 "445 
3°00 2°50 8:367 “478 
4:00 3°30 8°335 510 
4°74 4°24 8326 O19 


The first column gives the readings on scale K. From 
these readings the values of the distance between the foil F 
and the zine-sulphide screen Z are deduced and entered in 
column 2 under the heading of emergent range. ‘The 
emergent range is thus the distance through which the 
a particles have to travel after leaving the foil before com- 
pleting their range. Column 3 gives the means of readings 
on vernier V for several determinations of the end of the 
range. From these, the values of the air-equivalents are 
calculated and entered in column 4. Two or three sets of 
observations were made for each foil, and the means obtained 
from a smooth curve drawn through the actual observations. 
In some cases a source was used consisting of RaC deposited 
on a small metal disk, so that the observations could be 
extended to higher ranges. The mean values obtained are 
given in the following table (p. 188) and shown diagramma- 
tically in fig. 2 (p. 189). The results are expressed throughout 
in terms of the emergent range as defined above. The in- 
cident range can be obtained by adding to this the air- 
equivalent in the particular position. The air-equivalents 
aud emergent ranges are reduced in all cases to 76 cm. 
pressure and 15° C.; for it has been well established by 
many observers that the range of an « particle in any gas is 
proportional to the density. 

It will be at once seen from the curves that the varia- 
tions of air-equivalent are quite considerable and specially 
noticeable for low ranges. In particular, the variation of 
air value in the cases of aluminium and mica is almost 
entirely confined to the last two centimetres of emergent 
range. It may be noted in passing, that this variation is 
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of great importance in many experiments in which these 
substances have been used in experiments on « particles. 
The alteration. of air-equivalent tends to diminish for high 
ranges in all cases, although there is no indication of the 
values becoming constant *. 


Tasze IT. 
Gold. Aluminium. 
Emergent 
Range. 
A B C. A B C | 
0-0 299" 4 750 1-310 ‘769 918 1°344 
0-5 "384 ‘895 1-487 |i) 7820 1-015 1-422 
1-0 ‘426 972 1613 “851 1:051 1-473 
115) “452 LOZ 1-681 "869 1-078 1-499 
2:0 471 1-066 1-733 “880 1-086 1514 
3.0 "502 1-118 1-822 doleles mec iiast cll i 2 1525 
40 "522 1-161 1-899 "892 1:110 1-528 
50 533 L195 oe 895 1-116 1530 
6:0 ‘547 Bs ae er as 
| | 
| Mica. Copper. Silver. Tin. || Platinum. 
Eimergent 
Range. yaaa | 
A B. A B 
0-0 536 875 668 750 | 1-650 || 1-451 | 2:968 
05 601 937 (87 Sal mMineiD || se Sot 3198 
E@) 623 964 “860 874 | 1851 1618 | 3°383 
15 63] 977 “896 900 | 1902 || 1-655 || 3-460 
2-0 636 984 916 922 | 1-940 || 1-681 3544 
30 647 990 939 953 | 27000 || 1°725 | aor 
4-0 655 995 “956 977 | 2°054 || 1760 | 
50 663 | 1-000 ‘972 =~ ||1:000 aut ef 
6:0 wy : | 


The question arises as to what is the quantity which we 
have called air-equivalent. As we are measuring in all 
cases the end of the range of the particles which have not 
been appreciably deflected from their path, scattering can 
have little influence on the results. A factor which might 
come in is the phenomenon which Darwin has ft termed 
“straggling.” Darwin states, ‘“‘In traversing matter some 
a particles encounter more atoms than others and go deeper 
into them. ‘Thus after going a given distance the e particles 
will have straggled out and some will be moving faster than 


* Cf. Brage, ‘Studies in Radioactivity,’ p. 52. 
Tt C. G, Darwin, Phil, Mag. vol. xxiii. p. 901 (1912), 
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others.”” Information on this point might be obtained from 
2 consideration of the number of atoms in a particular foil 
which come within the sphere of influence of an « particle 
traversing the foil. However, no accurate data are available 


% 
S * \ 
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as to the atomic diameter which would of course be required 
for this calculation. In an experiment we made to throw 
light on the question, foils of aluminium and gold equivalent 
to about 1 cm. of air were placed at a definite distance near 
to the zine sulphide screen, and their air-equivalents 
measured (1) when the « particles previous to traversing 
the foil had passed entirely through air, and (2) when 
they had previously traversed a gold foil equivalent to 
2 cm. of air. The results for both metals agreed to within 
14 per cent., showing that longitudinal straggling is either 
not very serious, or that it varies little from gold to air 
under the experimental conditions. 

If we assume that straggling is not an important factor 
in the above measurements, we can deduce general ex- 
pressions for the air-equivalents of any foil at any part of 
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the range. Starting from the end of the range, let «2, be 
the air-equivalent of a foil of mass per unit area m ; then the 
incident range is a,cm. Let x, be the air-equivalent for 
emergent range 2, then the incident range is a,+a cm., 
and the air-equivalent of the combined foil of mass per unit 
area 2m is also #,+.22. Thus the air-equivalents for masses 
per unit area m, 2m, 3m, etc., are 2, %+X2, @+ 42+ 43, etc. 
respectively. In this way by taking the values of x from 
the above data (fig. 2), a curve can be plotted connecting 
mass per unit area and air-equivalent, this being reckoned 
in all cases from the end of the range. Such curves are 
given for gold, silver, and aluminium in fig. 3. They were 
Fig. 3. 
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determined as the means of the observations for the various 
foils of the same material given in Table II. The curves 
obtained for the different foils of the same material agreed 
closely, showing the approximate accuracy of the assump- 
tions. From the mean curves given, the air-equivalents of 
any foil at any part of the range can be obtained. For 
instance, suppose it is required to find the air-equivalent of 
a foil of mass per unit area m for a particles of incident 
range R. Let M be the mass per unit area necessary to 
completely absorb « particles of range R, and R’ the range 
for mass per unit area M—m; tl.en R—R’ is the air- 
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equivalent required. The values of M and R’ can be taken 
from the curve for the particular material used. 

From the curves given above we have determined the 
mass per unit area per centimetre air-equivalent at different 
parts of the range. The results are given in Table III., and 
the values for the other materials for which we have not 
determined the curves sufficiently accurately are given 
between 5 and 6 cm. of air. The results are expressed 
throughout at 15°C. and 76 cm. pressure. The limits of 
air value are in each case reckoned from the end of the 
range and not from the beginning. The reason for this is 
that the end of the range is the only point common to « 
particles of different radioactive products. Moreover, there 
is some doubt as to the exact range of RaC. This has 
generally been assumed to be 7:06 cm. at 76 cm. and 
20° C. Bragg, however, has recently given the value 
714 cm.* In our experiments the end of the range at 
which the zinc-sulphide screen was generally set corre- 
sponded to 7:04 cm. from the source (76 cm. and 20°C.), 
although an occasional scintillation could be observed up to 
7:10 cm. (76 cm. and 20°C.). 


TaBuLe III. ° 


Mass per unit area of foil equivalent 
to 1 cm. air at 15°C. and 76 cm. || Bragg’s results. 


Material. | Atomic (=m X 10° grms.). 


POWTES dE Gr | tesa ame cee ce a ae fa 
K ._» |\Stopping 
O-lem. | 1-2 | 2-3 | 3-4 | 4-5 | 5-6 | 6-7 power. aX 10°. 
Aluminium...) 27-1 190 | 171] 165 | 164 | 163 | 162/162 || 1:°495 1-545 
Copper. ...... 63°6 16 Bice ee | toes oeea eas 2°46 2°21 
SIIVET, (os oes ves 107°9 3°805 | 3°28] 3°10) 3-01) 2-93) 2°86] 2°81]/ 3°28 2°80 
ADI er ciscwies See 119-0 ase Boon ac! Wasa odes Nex Lilie eas || or 00 2°85 
Platinum ...| 195:2 re Becca Maer RP Rese 4:14 4-02 
ECC lat eee 197-2 6:10 | 4:84) 4-44) 4:25] 4:06] 3:96] 3:91], 4:22 3°98 
Siieaektee :-ic«. ait we Sister irosae acyl eel ses 


In column 10 of the above table we have entered Bragg’s 


values for the stopping powers of the materials considered. 
They are taken from p. 44 of his book ‘Studies in Radio- 
activity, and Prof. Bragg has kindly informed us that they 
generally refer to an incident range of about 6 cm. and 


“Loc: cut; p. 21, 
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emergent or residue range of about 3 cm. It will be 
noticed that our values are somewhat the greater. Our 
values are also in excess of those given by Taylor*. Further, 
the variations of air-equivalent for the foils given by both 
Bragg and Taylor are somewhat more pronounced over the 
range they examined than are our values. The difference 
is probably due to the two methods of measurement. It 
may be convenient here to give a few points comparing the 
two methods of determining air-equivalents,—ionization and 
scintillation. In the case of the scintillation method no 
trouble arises from scattering, as is possible in the ionization 
method. In the scintillation method a much smaller area 
of foil, generally only about 2 sq. mm., is used than in the 
iameaan method, where an area ordinarily not less than 
0-5 sq. cm. is employed. In the case of foils which are in 
any way ununiform, a better average is therefore obtained 
in the ionization method. This can be remedied to some 
extent by determining the equivalence in several places. 
However, difficulty arises in the scintillation method when 
the foils under investigation contain small holes or local 
irregularities, for in that case there is a tendency to measure 
the ‘thinnest portion of the foil. These small local irregu- 
larities were found in all the foils examined except gold. 
In our experiments we avoided the error to some extent by 
using composite sheets of many thicknesses of foils. Any 
serious irregularities can be instantly noticed by the fact 
that they allow « particles of different velocities to fall on 
the screen, causing scintillations of different brightness. 

The sche Gian method, as used above, is convenient in 
that it does not involve any extensive apparatus. The 
observations are more direct and can be made much quicker 
than by the ionization method. A source such as we have 
used is not necessary, for instance a moderately strong 
ee of polonium serves very well. 

A theoretical investigation of the above results on the 
variation of “air-equivalent is somewhat difficult in the 
absence of definite information of the change of velocity of 
the « particles in passing through the various foils. The 
velocity is obviously more fundamental than the range, 
which is of course measured in an arbitrary substance. 
It appears, therefore, preferable to postpone further dis- 
cussion until the completion of some experiments on velocity 
curves in various substances now in progress by Dr. Taylor 
and one of us. 


* Loc. cit. 
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We are indebted to Prof. Rutherford for his kind en- 


couraging interest in these experiments, and also to the 
Royal Society Government Grant Committee for a grant 
to one of us, out of which part of the expenses have been 
paid. 

Additional Note added Dec. 23, 1912. 

It was noticed in the above experiments that when the 
zine sulphide screen was moved so as to gradually approach 
the source of « particles, a considerable illumination of the 
screen appeared just prior to the point where the scintillations 
began to appear in large numbers on the screen. Near the 
end of the range the scintillations themselves consist of very 
faint spots of light, more localized than those due to « particles 
of high velocity. The illumination mentioned above appears 
uniform, and was specially noticeable in the experiments 
where adjustments of the end of the range were made with a 
gold or other metal foil placed within 1 mm. of the ZnS screen. 
The illumination appears to he connected with the « particles 
and not to be due to a @ or y¥ radiation emitted from the 
source. ‘The radiation producing it can penetrate about 
1 mm. of air, which seems to exclude the idea of 6 rays 
being the cause. A transverse magnetic field of 2500 gausses 
had no appreciable influence on the luminosity, and _ this, 
in consideration of the recent experiments by Chadwick, 
suggests that it may be due to y rays excited by the « rays. 
‘Such y rays would be of course much softer than any yet 
investigated by the ionization method, but might conceivably 
belong to a series similar to those investigated by Barkla. 

Experiments with willemite and BaPtCy, which might be 
expected to give a larger relative illumination of y to « rays, 
were somewhat unsatisfactory owing to the large illumination 
effect of the 8 and y rays given off from the source. 


XXI. The Excitation of y Rays by a Rays. By J. CHav- 
wick, 1.Sc., Beyer Fellow of the University of Manchester™. 


A’ the end of a papert published recently the writer 

stated that some evidence had been obtained of the 
excitation of y rays when a rays impinge on matter. This 
has now been definitely established, and the preliminary part 
of the experiments will be described. 

The source of « rays used in these experiments was radium 
emanation with its active deposit contained in a very thin 
* Communicated by Prof. E. Rutherford, F.R.S, 
y+ Chadwick, Phil. Mag. xxiv. p. 594 (1912). 

Phil. Mag. 8. 6. Vol. 25. No. 145. Jan. 1913. O 
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glass tube, and consequently was also a strong source of 8 
and y rays. The presence of the primary y rays renders 
very difficult the detection of a small amount of excited 
radiation, since this is observed only as an increase in the 
total y radiation. Care must also be taken to eliminate the 
effect of any y rays excited by the @ rays. 

The method finally adopted was as follows. The & ray 
tube was surrounded by a tube of some material of low 
atomic weight, say aluminium, just thick enough to stop all 
« rays. Then round this was placed a similar tube of a 
metal of high atomic weight, say gold. ‘The ionization 
produced by the y rays emitted by the emanation tube under 
these conditions, was measured by the balance method of 
Rutherford and Chadwick*. ‘The positions of the tubes 
were now reversed, so that the gold tube was the inner one, 
and was bombarded by the « rays. The ionization was again 
measured. 

It was found that when the face of the ionization-chamber 
was an aluminium plate 1 cm. thick there was no detectable 
difference in the ionizations in the two cases. With a plate 
1 mm. thick, however, a slight difference was observed, the 
ionization being greater when the inner tube was of gold. 
The difference was about 1 part in 300. 

It was evident that, to establish definitely the excitation 
of y rays by « rays, some method was necessary which would 
increase the ionization produced by the excited y rays re- 
lative to that produced by the primary rays. It is well 
known that the amount of ionization produced by X rays in 
_a gas relative to that produced in air depends upon the 
penetrating power of the rays. For example, Struttt+ and 
Evet have shown that the ratio between the ionizations 
produced in methyl] iodide and in air is 72 for soft X rays, 13°5 
for hard X rays,and 5 for y rays. As it was to be expected 
that y rays excited by « rays would resemble X rays in their 
penetrating power, advantage could be taken of this pheno- 
menon to increase the ionization of the excited rays relative 
to that of the primary rays. 

Accordingly, an airtight ionization-chamber was made, 
which could be quickly evacuated and filled with the vapour 
of methyl iodide or carbon bisulphide. The construction 
will be clearly seen from the figure. ‘The ionization-chamber 
consisted of a brass cylinder about 84 cm. long and 64 cm. 
diameter. The electrode was insulated from the cylinder by 

* Rutherford and Chadwick, Proc. Phys. Soc. April 1912. 


+ Strutt, Proc. Roy. Soc. A. vol. lxxiv. (1903). 
t Eve, Phil. Mag. viii. p. 610 (1904). 
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a sulphur stopper provided with a guard-ring in the usual 
manner. The face of the ionization-chamber through which 
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the rays entered was of aluminium 0°08 mm. thick. This face 
was made airtight by inserting a ring of rubber between 
the aluminium sheet and the flange F'F’, and then tightly 
clamping the flanges FF, F’F’ by means of nuts. The 
ionization-chamber, with the exception of the face, was 
enclosed in lead 3 mm. thick. 

The measurements described above were now repeated 
when the ionization-chamber was filled with carbon bisul- 
phide or methyl iodide at their vapour pressures. It was 
found that the ionization produced in the chamber when the 
inner tube’ was gold was about 5 per cent. greater than when 
the inner tube was aluminium. Some of the measurements 
obtained with carbon bisulphide are given in the table. The 
ionization when the inner tube was aluminium is taken as 
100 in each case. 


Inner tube Al. Inner table Au. 
100 1048 
100 104-2 
100 104'8 
100 105°3 
100 104'8 


100 105:0 
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When the ionization-chamber was filled with methyl iodide 
the difference was a little greater, but the measurements 
could not be made with the same accuracy owing to variations 
in the pressure of the methyl iodide under the experimental 
conditions. 

In order to prove that these y rays were excited by the 
a rays and not by # rays, the following experiments were 
made:— 

The emanation tube was covered with sufficient aluminium 
foil to stop the « rays. The measurements were then re- 
peated, and no difference was observed when the positions 
of the gold and aluminium tubes were changed. This showed 
that the difference observed above could only be due to 
a yvays, or to very soft 8 rays which were absorbed in the 
aluminium foil used to stop the @ rays. 

A simple experiment showed that the y rays were not due 
to soft 8 rays. The emanation tube was placed in a con- 
verging magnetic field so that the soft 8 rays were coiled 
by the field into a narrow spiral round the emanation tube. 
In this way the slow @ rays were prevented from striking 
the metal tubes. A difference was still observed between 
the two ionizations, and was of the same magnitude. 

Tubes of silver, copper, and paper were also used. It was 
found that the ionization produced by the emanation tube 
was always greater when the material of the inner tube was 
_ of higher atomic weight than the material of the outer tube. 

As an example, the measurements obtained when each of 

the other metals was combined with aluminium may be given. 
Taking the ionization observed when the inner tube was 
aluminium as 100, the ionization obtained with gold as the 
inner tube was 104°8, with silver 102°5, with copper 101-2, 
and with paper 99:7. 
In order to obtain some idea of the penetrating power of 
the excited y rays,a plate of aluminium 2 mm. thick was 
placed over the face of the ionization-chamber. The dif- 
ferences obtained by reversal of the tubes were now very 
small, but the measurements indicated that the absorption 
coefficient in aluminium of the excited rays was about 8 
under the experimental conditions. 

The detailed investigation of the y rays excited by @ rays 
is, for obvious reasons, only possible with a source of @ rays 
which does not emit 8 rays, such as ionium or polonium, 
Experiments in conjunction with Mr. Russell have shown 
that thorium oxide, containing a quantity of ionium equal to 
the amount in equilibrium with 3:5 mgms. of radium, gives 
y rays greatly in excess of the 8 rays. The amount of y rays 
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is sufficient to enable a detailed study to be made of them. 
The further account of these investigations and their extension 
to other radioactive bodies is reserved for a later paper. 

In conclusion I desire to express my best thanks to 
Prof. Rutherford for suggesting this research, and for his 
kind interest and advice throughout the experiments. 


XXIT. Notices respecting New Books. 


Lehrbuch der Thermochimie und Thermodynamik. By Professor 
Dr. Orro Sackur. Pp. vii+340. Berlin: Julius Springer, 
1912. Price 12 M. (13 M. bound). 


oN VERY thoroughgoing treatise covering the whole of the subject 

in a very eXcellent manner. Although it cannot claim any 
originality except that of treatment, we cannot imagine a better 
guide to the student than what it provides. We turn naturally 
to the parts dealing with the newer conceptions, and find that it 
does not lack even these. The third law of thermodynamics of 
Nernst and the speculations of Einstein (based on Planck’s law of 
radiation) are very satisfactorily put forward. We recommend 
the book most heartily. 


XXIII. Proceedings of Learned Societies. 
GEOLOGICAL SOCIETY. 


[Continued from vol. xxiv. p. 901.] 


April 17th, 1912.—Dr. Aubrey Strahan, F.R.S., President, 
in the Chair. 


a Pe following communications were read :— 


1. ‘The Pre-Cambrian and Cambrian Rocks of Brawdy, Hays- 
castle, and Brimaston (Pembrokeshire).’ By Herbert Henry 
Thomas, M.A., B.Se., Sec.G.8., and Prof. Owen Thomas Jones, 
M-A., D.Sc., F.G.S. 


The district dealt with in this paper lies about 8 or 10 miles to 
the east of St. Davids, and consists of pre-Cambrian plutonic and 
volcanic rocks surrounded by, and intimately associated with, sedi- 
mentary rocks of the Cambrian System. 

The pre-Cambrian igneous and pyroclastic rocks are brought to 
the surface along an anticlinal axis which ranges in an east-north- 
easterly and west-south-westerly direction: that is to say, approxi- 
mately parallel to the ancient ridge of St. Davids. They are 
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distributed over an area measuring about 9 miles in length by 
2 miles in greatest breadth. 

The pre-Cambrian rocks are divisible into two classes, an older 
volcanic series and a newer plutonic and hypabyssal series, for 
which Hicks’s names of Dimetian and Pebidian are respectively 
retained. 

The authors have not attempted any detailed subdivision of the 
Pebidian over the whole area, but it is clear that several stages are 
represented. The lower exposed portion is generally andesitic in 
character, the upper being rhyolitic and keratophyric. 

The Dimetian comprises granite, quartz-porphyry, and diorite, 
which are intruded into the Pebidian, and present a common feature 
in the abundance of soda-felspar. Petrographical descriptions of 
the various pre-Cambrian rock-types are given. 

The Cambrian has been divided into two main groups—the Welsh 
Hook Group below and the Ford Beds above. The Welsh Hook 
Group compares bed for bed with the Caerfai and Lower Solva 
Series of Hicks, and, like similar beds at St. Davids, consists of basal 
conglomerate, green sandstones, red shales, and purple sandstones. 

The position of the Ford Beds, which are mostly shales, is not so 
certain; but the evidence is in favour of their belonging to the 
Upper Solva Stage, and their having transgressed lower members 
of the Solva Series. 

The basal bed of the Cambrian apparently rests upon rocks of 
different ages in different parts of the district ; and this fact, taken 
into consideration with other evidence, indicates that the Cambrian 
reposes unconformably on a complex series of tuffs and lavas and 
of plutonic rocks intruded into these voleanic rocks. 

The structure of the district is that of a horst, faulted on all 
sides and surrounded by much younger beds. ‘The main fractures 
follow an east-north-easterly to west-south-westerly direction, but 
frequently branch and run together, thus enclosing lenticular 
masses. 

Much of the faulting is of pre-Carboniferous age, but that it 
continued into Carboniferous times is shown by the manner in 
which the Carboniferous rocks of the district have been affected. 


2, ‘The Geological Structure of Central Wales and the Adjoining 
Region.’ By Prof. Owen Thomas Jones, M.A., D.Sc., F.G.S. 


This paper deals with the structure on a large scale of an area 
of about 1800 square miles, comprising the western portion of 
“Wales between the River Dovey and South Pembrokeshire. 

In a historical introduction the work of earlier observers, notably 
Sedgwick, Ramsay, and Walter Keeping, is referred to. 

The paper is accompanied by a map whereon is indicated the 
distribution of certain rock-groups: this map is based partly on 
personal observations, and partly on information gathered from 
various publications. 

On the map the structure of the area is easily perceived. There 
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are two principal anticlinal axes which follow in the main the 
valleys of the Teifi and the Towy, and are named after these rivers ; 
between them is an important syncline (the Central Wales Syncline) 
which coincides nearly with the principal watershed of Central 
Wales. 

Both the anticlines can be traced towards Pembrokeshire, where 
they appear as important structures; but they cannot be dis- 
tinguished beyond the northern boundary of the area. ‘The 
syncline, on the other hand, becomes more important in a northerly 
direction, but is lost towards the south-west. These structures 
have a southerly pitch at the northern end of the district, and a pitch 
in the opposite direction at the southern end. The variation in the 
pitch accounts for the form of the outcrops. 

The peculiar correspondence between the evenly-curved courses 
of these structures and the form of the coast-line of Cardigan Bay, 
as also the relation of the structures to the other physical features, 
are discussed. 


May Ist, 1912.—Dr. Aubrey Strahan, F.R.S., President, 
in the Chair. 


The following communications were read :— 


1. ‘On the Geology of Mynydd Gader, Dolgelly ; with an Account 
of the Petrology of the Area between Dolgelly and Cader Idris.’ 
By Philip Lake, M.A., F.G.S., and Prof. Sidney Hugh ao 
MA, EGS. 


Mynydd Gader lies immediately south of the area described by 
the authors in a previous paper (Q. J. G. S. vol. lii. 1896, pp. 511- 
21). The Tremadoc Beds are here succeeded. by a group of rocks 
which are, for the most part, of volcanic origin. These may be 
divided into a Rhyolitic Series below and an Ashy Series above. 
The Rhyolitic Series is formed chiefly of lava-flows ; the Ashy Series 
consists mainly of volcanic ashes and slates, the ashes predominating 
below and the slates above. Dida ymograptus bifidus occurs near the 
base of the Ashy Series, D. murchisoni in the upper part. 

There is not sufficient evidence to show whether the Rhyolitic 
Series is conformable or unconformable with the Tremadoc Beds; 
but, since it lies between the Dictyonema Zone and the Didymograptus- 

beads Zone, it belongs presumably either to the Lower or to the 
Middle Arenig. The Ashy Series extends from the Upper Arenig 
to the Llandeilo. 

There are many intrusive masses of igneous rock, the largest 
being that which forms the greater part of Mynydd Gader itself. 
This intrusion is L-shaped in section—consisting of a horizontal 
limb which cuts across the beds, and of a descending limb which 
lies approximately in the bedding. 

The petrology of the igneous rocks, not only of Mynydd Gader, 
but also of the area described in the previous paper, is dealt with. 
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The intrusive rocks are mostly dolerites, consisting chiefly of 
augite and plagioclase (labradorite-andesine), without olivine or 
rhombic pyroxenes. Lpidote is very abundant as an alteration- 
product. Contemporaneous veins are met with at one locality. 
Small intrusions of eurite occur just beyond the limits of the map. 

The rhyolites are sometimes compact, sometimes banded, and 
sometimes nodular. Analyses of two specimens, the one compact 
and the other nodular, show that the percentage of soda is high. 

The tuffs or ashes vary considerably in character. Some consist 
of a fine matrix with numerous scattered angular fragments of all 
sizes up to 18 inches; the fragments are mostly rhyolitic, but 
pieces of slate and grit also occur. In others the fragments are 
smaller, and some are so finely laminated that on freshly broken 
surfaces the texture appears perfectly uniform, but on weathered 
surfaces the lamination is often quite distinct. 

Andesitic lavas occur at two horizons, in the Upper Lingula- 
Flags and in the Llandeilo Series. The latter are often highly 
amygdaloidal. 


The Rhyolitic Series appears to be older than the main mass of 
volcanic rocks in the Arenig area, but it may be contemporaneous 
with the Calymene Ashes of that district. It is probably of 
approximately the same age as the volcanic series of Skomer 
Island, and the fact that in both places the rhyolitic rocks are 
soda-rhyolites is of considerable interest. 


2. ‘Insect-Remains from the Midland and South-Eastern Coal- 
fields” By Herbert Bolton, F.R.S.E., F.G.8., Director of the 
Bristol Museum. 


XXIV. Intelligence and Miscellaneous Articles. 


Trinity College, 
Cambridge. 
November 25th, 1912. 


To the Editors of the Philosophical Magazine. 
GENTLEMEN,— 
[N my paper, ‘“‘ The Relation of Airy’s Integral to the Bessel 
Functions,” published in the Phil. Mag. for July 1909, there 
is a numerical error which I wish to correct. Equation (40) on 
page 15 is inaccurate, so that the Table on page 16 gives the 
values not of 2°1123(n—z)/zs, but of 1:3447(n—2z)/zs. 
Yours very truly, 
J. W. NicHoLson, 


Phil, Mag. Ser. 6, Vol. 25, Pl. 1. 
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XXV. On Some Orbits of an Electron. By C. G. Darwin, 
B.A., Lecturer in Mathematical Physics, Victoria University, 
Manchester*. 


1. TN order to find the characteristics of such processes as 

the absorption by matter of 8 and cathode rays, it is 
necessary to have a knowledge of the orbits of the electrons 
as they pass the various charged bodiesin matter. According 
to the theory of Rutherford, which is strongly supported 
by experiments {, an atom is composed of electrons and a 
nucleus of positive electricity of charge such as to neutralize 
them. The nucleus is seated at the centre of the atom, bears 
nearly the whole mass, and has its charge concentrated 
inside a very small region. The present paper is concerned 
with the orbit of a £6 particle as it passes such a nucleus. 
On account of its high velocity a @ particle has apparent 
mass sensibly greater than that of a slow-moving electron, 
and during the path the attractive force of the nucleus still 
further increases it. The variability of mass entirely alters 
the character of the orbit, with the result that in certain 
cases it becomes a spiral, going right in to the centre. 
Numerical calculation shows that these cases should be of 
fairly frequent occurrence. The physical reason for this 
may be seen in the following way. On account of the in- 
creased mass the particle, when near the nucleus, will be 


* Communicated by Prof. E. Rutherford, F.R.S. 

t Rutherford, Phil. Mag. xxi. p. 669 (1911). 

} Geiger, Manc. Lit. & Phil. Soc. Feb. 1911. An account of a much 
more complete series of experiments by Geiger and Marsden has recently 
-been read at the Vienna Academy. 


Phil. Mag. 8. 6. Vol. 25. No. 146. Feb. 1913. EP 
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moving slower than it would if its mass were constant. This 
gives the attractive force more time in which to exert its 
effect, and analysis shows that in some cases the particle is 
unable to escape. : 

The variability of mass is of course not the only effect of 
rapid motion. It is observed experimentally, and is also a 
consequence of the general electromagnetic theory. If we 
proceed strictly on this theory as it stands at present there 
will also be a large radiation of energy due to acceleration, 
and in addition to this an aberration of force due to the time 
which is required for electromagnetic effects to be propagated 
from one body to the other. When the particles are very 
close together it is impossible to separate out all these effects. 
and ascribe one part to variation of mass and another to 
radiation, but in the earlier stages it would seem justifiable 
to do this. If the positive nucleus has an infinite mass the 
aberration effect disappears. For the nucleus will remain 
fixed during the whole time and hence the mechanical force 
on the electron, no matter what its own motion, will be 
—eHi/r? where e, E are the charges of electron and nucleus 
and r is the distance. Of course the force on the nucleus is 
not the equal and opposite of this, but as it is powerless to 
produce any motion it is immaterial. Although its effect is 
certainly not negligible the radiation will be neglected for 
the present, and subsequently an attempt will be made to 
estimate the change in the orbits. It does not appear pos-. 
sible that any of the neglected effects could tend to cause a 
separation of the particles, so that we have to conclude that 
in certain cases a coalescence of charges should take place, 
if the electromagnetic equations as given by Lorentz are 
universally true. 

As formula for the mass we shall take that given by Lorentz 
for the “deformable” electron. Any of the other values 
which have been worked out for electrons of various charac- 
ters would give a similar result, but Lorentz’s formula, besides 
being apparently in best agreement with experiment, makes 
possible a complete integration of the equations of motion. 

2. If c is the velocity of light, v the velocity of the electron 
and m its mass at low velocity, then Lorentz’s values for the. 
longitudinal and transverse mass are respectively 

m 
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Since these are connected by the relation 


ap dm: 
mMm._=m" SS 
l : dy ? 


it is easy to show that the equations of motion of the electrom 
are 


Us 
Fr (mw ) = — eK =, : 


d 2 
rr (my) = — ee : 


Let the particle approach with initial velocity V along the 
negative direction of the axis of x and let the initial value 
of ybe p. Take V=csin 8. Then the integral of angular 

momentum 1s 
LY — Xr V 
Y oS — ae =P tan 8. 
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To find the energy integral we take 
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Write of =a an absolute constant not depending: on: the 
particular orbit. In polar coordinates we thus have- 
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and it a 
———nip = sec B+ ie 


O-5 


ec 08 a 13 
1+ 7, COs B 


whence 


and 


2 
Yar + Pea Ae — B 2}. 
(2 + 7. 008 8) 


By elimination of the time we have 
dr\? pe sin? B (hss a ae 
“Gm, +o Poems =e) sin’ B+2- cos B+ “cos" p } ” 
Take p/r=w; then 
2 
w? + w=14 27 cot 8 cosec B w+ 7 cot? Bw. 
The orbit is given by 


ap dw 


iT eo Mth ei. aa. 
1+2<cot “cot? B—1)w? b 

Re oe B cose Bw + (“eo B )w | 

and the time by 

c dt=p cosec a(a “5 nce B w) dO/w. 

3. The character of the orbit depends on the sign of 
2 
m cot? 8—1. We distinguish three cases. 


I. p>acotp. 
The solution is best found by the use of two subsidiary 
angles. 


Take cot p= : cot 8 cosec B 
and tan’ y= tan? w— sin? B, 

2 
so that 1— poo B= cot? pu tan’ y. 


When p is large p=y= . , and as it decreases they 
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decrease also. When p=a cot B, tan w= sin PB, and y=0. 
Then 
dw 


s/ {1+ 2w cot w—w* cot* ptan* y}’ 


ag = 


and integration gives the orbit 
wcot wtany sin y= cos x — cos (@ cot wtany+y).. 


This is a curve modified from one limb of an hyperbola 
with the nucieus in the focus, the modification consisting in 
increasing every element of vectorial angle in the ratio 


tan wz coty: 1, that is the ratio 1: 1-; aia 


a 

p 

The second asymptote occurs when 0=2(7—y) tan w cot y. 
When “cot @ is small, that is either when p is large or 


the velocity very high, then the orbit is nearly a true hyper- 
bola. For smaller p or smaller velocity the curve tends to 


wind round the origin. When = cot 8 approaches unity the 


electron will describe several turns before it can escape. 
The time integration is perfectly simple. It gives 


ik sec’ y 
a ae eet aarp eter 
[ct |=4p cosec @ cot pw tan x [ 7 7T+tany 
+2 cos? B cot y log x) 
tip —aicot 6. 


In this critical case we have 


sane dw 
~ 4/{1+2w cosec B}’ 


T= tan (3 cot w tan y). 


from which 
w=0(1+4 30 cosec ). 
Since w=p/r the curve ultimately approaches the origin 
like the spiral r= A/0,?. : 
The time is given by 


ne i il cos*B, @+2sin B 
Leah P cosec 8 — 5 —O+2sinpt sin 8 beea go ak 


The time taken to arrive at the origin from any finite 
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distance is finite. The time taken for the circuit from 0=27r 
to 9=27(r+1) is approximately 

_acosB 


C(tom(r41) tony are 


At any point of the orbit the mass of the electron is given 
by m( see 8 aa 5) This will increase indefinitely, but not 


with any extreme rapidity. Thus several rounds may be 
performed before it is necessary to remember that the mass 
of the nucleus is only finite. 

IIT. p<acot @. 

In this case we use as before the subsidiary angle w where 


cot w= cot 8 cosec B, 


but we now take as second subsidiary the quantity w where 


tanh? w= sin? B— tan? p, 
so that 


2 
cot? «tanh? o@= “cot? 8-1. 
When p=acot B, tanw= sin and o=0. 
As 5 cot 8 is increased, ~ decreases and » grows. When 


p=0 or B=0, we have »=0 and tanhw= sin B, so that @ 
has some finite value. 
Then Gals dw 
~ a/{1+2w cot w+ w* cot? w tanh? wo}? 


and integration gives 


w cot w tanh w sinh w= cosh (6 cot uw tanh w+) — cosha. 


This curve ultimately approaches the origin like an equi- 
angular spiral of angle 


2 2 V2 
cot, / {25-1}. 


It reaches the origin in a finite time, and the time in any 
position is given by 
[ct] =4 p cosec B cot w tanh w [—= = oe 


T+ te 
+2 cos? 8 coth w log Si sas tanh =| 
T T= tanh (4 cot mw tanh w). 


The mass of the § particle increases exponentially, but 
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several rounds may be made before it approaches that of the 
nucleus, unless p or the velocity are very small. 

When the force between the particles is repulsive the 
integration of the equations is very similar, but now in all 
cases there are of course two asymptotes, and the only effect 
is that the particle is not so much deflected as it would be if 
its mass were constant. These orbits do not seem to be of 
any great interest. 

4. We must now consider the numerical values for the 
various orbits. In the first place a=eH/me?. Let H=ne 
so that m is the number of electrons in the atom. Then 
a=nx2°8x10-8. Take n=100, which is probably roughly 
the value it would have for a heavy element, say lead. We 
shall take a=2°8 x 10-" throughout. A simple proportional 
reduction will give it in’ other cases. To show the general 
behaviour of the orbits I take four values of the velocity, 

'0-01e, O-1¢, 0°9c, and 0:99e and find in each case the value 
of p which gives the critical orbit. This determines what 
particles cannot escape. Speaking loosely, it may be sup- 
posed that the spiral part of the orbit begins when d=5 ; 
to find the shape of the spiral I therefore find r for. 

om 97 
| ae so find c/ts,—t,\ and c/tor—ts,\, as 

3) 9° 9 i chee Ge r) ie sr) 

these are roughly the first two wave-lengths of the emitted 
radiation, provided that this radiation does not itself entirely 
modify the orbits. It will be seen that when the velocity is 
small the critical value of p increases in inverse proportion 
to it and is of a size quite comparable to that of an atom. 

All the quantities are, of course, measured in centimetres. 


TABLE I. The Critical Orbits. 


DARPA >, ‘01 ‘1 ‘9 -99 

72 ie 2:°3x%10-9 28x1071!9 1:35x10-" 3940x1072 

Pp). 2S: 22x10-1 220x101! = 446x107! -4x 1907 
2 

pena 2 AU. ek 91x10712 89xlo7 32x10-8 1010728 
oT ; 

delete asst: 28x07 2 2:8K1072 1110-7... 35x1074 


C(tse— tr) | 383x107 384x107 88x10-? 2719-2 
2 


C(tor — tse) |32x1072 32x10? 12x10" 38x10-8 
2 
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To show the character of the orbits which are not 
spirals, I shall find those for which the 8 particle describes 
exactly one and exactly two rounds and returns towards the 
direction from which it came. The p’s for these cases will 
be denoted by p and py. 


TaBLe II. The External Orbits. 


Vie ... ‘Ol “i ‘9 ‘99 

Du Dene Ne 595) 2°6 1:5 fess 
Ea 15x10 ° 721078 20x10-" 60x10-2 
PolPovit, +++ 1:16 1-15 ile iil 
ORLA. ae 338xl0q? 32x10 15x10-4 44 oe 


5). These orbits have been calculated with a complete 
neglect of radiation. There are, of course, very definite 
indications that the mechanism of radiation is in some way 
different from that given in the electromagnetic equations, 
and our incomplete theory is certainly most at fault in the 
parts which concern the emission of energy in radiation. 
But in spite of this it is almost impossible that this emission 
should help the escape of the electron. For the radiation 
corresponds to a loss of energy, and this means a reduction 
of velocity; and we have seen that a reduction of velocity 
makes escape harder. Nor can the aberration of forces help 
escape; for when two oppositely charged particles A and B 
both revolve fast round their common centre, there will still 
be this radiation of energy and a consequent reduction of 
velocity. This is quite independent of the direction of the 
force of each on the other ; but as a matter of fact it is easy 
to show that for very high velocities the force of B on A pro- 
duces a direct retardation quite apart from the reaction of A’s 
own acceleration on itself. 

An estimate of the influence which the radiation may have 
can be made in the following way. Constrain the electron 
to follow with the proper velocity the path it would take if 
radiation were neglected. It is then possible to calculate 
the radiation emitted under these circumstances. If this 
amounts to any considerable fraction of the whole initial 
energy of the electron, we may expect that it will be 
caught. 

To make the estimate I have used Abraham’s formula for 
the radiation *. Since this is calculated for a rigid spherical 


* M. Abraham, Theorie der Elektriztdt, vol. ii. p. 122. 
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electron, it is not strictly comparable with the formula for the 
mass, but it suffices for a rough estimate. The particular 
character of the orbits gives rise to a great simplification in the 
integrand of Abraham’s expression, but the final integration 
is laborious. If W is the whole energy radiated and e¢ is the 


1 
whole energy of the electron (c=me? owe | ) 
ype 


‘ed 


then we find that W/e, for a given value of the velocity V, 
increases very rapidly with decreasing p. It is about 2 or 
3 per cent. when p=+tperit, for velocities ‘9c and ‘le. For 
both the high and low velocities *99¢ and ‘Ole it is about 
4 per cent. when p=9 pert, In all these cases quite a small 
decrease in p will very much increase W/e. Thus if radiation 
is emitted according to the ordinary electromagnetic equations, 
we may suppose that the critical p is about three or four times 
as large as it would be if there were no radiation. 

6. The experiments of Geiger and Marsden* show that 
the nucleus can be regarded as a point charge down to 
distances of about 107 cm. Beyond this we cannot go, as 
no « particle can explore any closer. But this distance is 
quite sufficient to allow for a considerable part of our orbits, 
and to bring out their spiral character. That an actual 
coalescence between two point charges should take place 
seems very improbable; the charge of the nucleus is charac- 
teristic of the substance and a coalescence would change its 
value and cause a transmutation of elements. There must 
therefore be some way by which the electron can escape 
from the extreme neighbourhood of the nucleus. This is 
contrary to the ordinary electromagnetic theory, which 
therefore requires some modification ; and this modification 
extends to parts of the theory not simply concerned with the 
emission of radiation. Hitherto the emission and absorption 
of radiation have been almost the only points of definite 
disagreement between theory and experiment. 

7. We may suppose that the earlier parts of the orbits are 
of the form calculated, and that the later processes, though 
quite different, do not give back its velocity to a particle. 
Thus the function of the nucleus is simply that in certain 
cases it destroys the velocity of a B particle. In this way, 
using the numbers found above, values for the absorp- 
tion coefficient can be deduced which are surprisingly close 
to those observed. We proceed neglecting all scattering 
and merely counting those £ particles whose velocity is 


* Loe. cit. 
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destroyed. This procedure gives an exponential law of 
absorption for homogeneous rays ; but in experiments this 
law should certainly be regarded not as the result of homo- 
geneity but of extreme heterogeneity and of scattering. 

If p is the greatest distance from the nucleus for which a 
& particle is caught and if N is the number of atoms in a c.c., 
the mean free path of a particle is 1/Nzp?, and the absorption 
coefficient X is Nap. For lead N=4~x 10”, and for rays of 
velocity *9 ¢ (that, is fairly hard @ rays), pau.= 130001 Om 
This gives X=20cm.71. If the effect of radiation is to be 
included, p should be taken about three times as great, and 
this multiplies % by about 10. This calculation neglects all 
scattering by the nuclei of those particles which are not 
absorbed, and also the effect of the electrons in the atoms. 
These should still further increase the coefficient. For rays 
of this type the experimental value is somewhere between 
100 em. >* and 500 ems 5 

When caught the 8 particle emits a stream of radiation. 
This may be supposed to be the secondary X ray. Our 
calculation suggests that this will be on the scale of 10~" em., 
a value very much smaller than is indicated by other 
methods. 


My thanks are due to Sir J. J. Thomson and to Professor 
Rutherford for the interest they have taken in this work and 
for their advice. 


Dec. 4, 1912. 


XXVI. Some Properties of Red Vulcanized Fibre. 
By ¥. OH. Parxer, 6.Sc., Woolwich Polytechnic*. 


HE attention of the author was drawn to the fact that 
vulcanized fibre is one of the few materials, if not the 
only material suitable for the pistons of compressing engines 
in tke plant for the liquefaction of air, and as, in order to 
prevent jamming, allowance has to be made for the expan- 
sion of the fibre, it seemed desirable to make some measure- 
merts on the change of volume due to absorption of water, 
as no data appeared to be available. 
The results were rather of an unexpected character and 
seem of some interest. 
The specimens examined were cut from two sheets, 1*9 cm. 
and 1°35 em. thick respectively. 


* Communicated by the Author. 


—— 
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They were made into approximately rectangular prisms 
and the lengths of the three edges measured with a metal 
millimetre scale, the fractions of a millimetre being esti- 
mated by eye. They were next weighed on a delicate 
balance. They were now placed in a beaker of water and 
allowed 10 remain in for one or more days, when they 
were taken out, and after wiping with a cloth, re- 
measured and weighed. It was soon seen, however, that 
the specimens swelled most near the edges, making the 
measurement of their three dimensions of little value for 
the purpose of calculating the volume, and consequently 
these measurements were given up and the volume deduced 
by weighing in water as well as in air. The results obtained 
for some of the specimens are given in the following 
tables and diagrams. It will be seen that the two dimen- 
sions in the plane of the sheets, called the length and 
breadth, have only altered slightly, while the third dimen- 
sion at right angles to the plane of the sheet has increased 
by about 30 per cent. 

Further, the final volume of the specimens was consider- 
ably less than the initial volume plus the volume of the 
water absorbed. [It was assumed in the calculations that 
the water was at the temperature of maximum density, the 
correction for the actual temperature, approximately 16° C., 
being quite immaterial as far as the nature of the 
results go. | 

In order to ascertain if temperature had any influence on 

the amount of water absorbed or on the change of volume, 
a bath was maintained at a temperature of approximately 
60° C., and two specimens were placed in it and readings 
taken in a similar way to those for the specimens in the - 
water at room temperature. The effect of the higher 
temperature was clearly to cause both the water to be 
absorbed more rapidly and the final volume to be attained 
more rapidly, the maximum amount of water absorbed as 
well as the change of volume both being smaller. 
For the sake of comparison, observations were made at 
- room temperature on two specimens of wood, one American 
bass and the other white deal. Here the changes of dimen- 
sions were all small and, as far as the measurements show, 
approximately of the same order as that for the two dimen- 
sions in the plane of the fibre, while the volume of the water 
absorbed was at least as large as in the case of the fibre, but 
did not appear to have reached its maximum amount when 
the observations were discontinued. 
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The first specimen of fibre immersed, after being in for 
9 days, was taken out and found at the end of 9 days to have 
yielded up 90 per cent. of its absorbed water. 

The explanation of the enormous change in one dimension 
did not perhaps appear clear. In order to account for this 
thin sections were examined under the microscope, when it 
was seen that the structure was very heterogeneous. When 
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we attempt to split the fibre it yields easily in the plane of 
the sheet with a more or less flaky appearance, but it is 
very difficult to split in a direction perpendicular to the 
sheet. This agrees with the character of the sections in 
the plane of the sheet and perpendicular to it as seen in the 
microscope. The sections in the plane of the sheet showed 
a mass of long fibres or cells separated by a considerable 
amount of matrix or intercellular space, while the sections 
perpendicular te the sheet were of a very much denser 
character and showed only a few fibres longitudinally. 
(The sections perpendicular to the plane of the sheet were 
also much harder to cut than those in the plane of the sheet.) 
In the manufacture of the sheets great pressure is applied 
when the walls of the fibres or cells are ina partly gelatinous. 
state, and hence the number of fibres or cells per centimetre 
perpendicular to the plane of the sheet is immensely greater 
than the number in the plane of the sheet, and consequently 
when water is absorbed the amount of swelling perpendicular: 
to the plane of the sheet is much greater than in the plane. 
of the sheet. 
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XXVII. On a Relation between Ionization by Cathode Rays 
and certain Chemical Effects. By H. Jacot, B.A.(Univ. 
of Cape of Good Hope), B.A.(Cantab.), 1851 Exhibition 
Research Scholar of the South African College, Cape Town ; 
Emmanuel College, Cambridge *. } 


Parr I, 


S is well known, cathode rays have certain well-marked 
chemical effects. Up to the present time, however, 
little work has been done on the subject ; and this has been 
for the most part of a purely qualitative kind. Goldstein f 
first found that certain salts suffered discoloration by the 
action of cathode rays. Wiedemann and G. C. Schmidt ft 
found that salts under the influence of cathode rays show 
alkaline characteristics; while according to Hlster and 
Geitel § such salts exhibit marked photo-electric phenomena. 
Villard || has observed further well-marked reducing effects 
of the rays, cupric silicate being reduced to cuprous silicate, 
cupric oxide to metallic copper, &c. Lenard, too, has skown 
that the passage of cathode rays through air is accompanied 
by the formation of ozone. More recently, G. C. Schmidt J 
has advanced the theory that in certain instances of metal 
salts the positive valency of the metal is directly satisfied by 
the negatively charged corpuscles of the rays. This would 
leave the acid radicle unattached, and chemical dissociation 
of some kind would follow. 

This theory cannot apply generally. In the general case 
it is important to enquire more carefully into three points : 
(1), what proportion of the so-called chemical effect of cathode 
rays is a direct effect such as, for example, Schmidt pre- 
sumes ; (2), what proportion is a secondary chemical effect 
arising from purely thermal effects of the rays; and (3), 
what proportion is a secondary effect following from a 
primary chemical effect on the gas or gases in the discharge- 
tube? Villard ** insists that such residual gases in no way 
enter into the question ; but this only refers to the case of 
the reduction of CuO by the rays, and generalization is not 
justified. 

The case of phosphorus is one in which the statement 
clearly fails to apply. 

* Communicated by Prof. Sir J. J. Thomson, O.M., F.R.S. 

+ Goldstein, Wied. Amn. vol. liv. p. 371 (1895); vol. Ix. p. 491 (1897). 

t Wiedemann & Schmidt, Wied. Ann. vol. liv. p. 262 (1895) ; 
vol. lxiv. p. 78 (1898). 

§ Elster & Geitel, Wied. Ann. vol. lix. p. 487 (1896). 

| Villard, Jowrn. de Phys. 3° série, vol. viii. p. 140 (1899). 

q G.C. Schmidt, Ann. der Phys. vol. vii. p. 321 (1902). 

** Villard, Jowrn. de Phys. 3° série, vol. viii. p. 140 (1899). 
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The writer examined the effect of a direct beam of cathode 
rays on white phosphorus. Rapid transformation of the 
phosphorus (apparently to the red modification) occurred, 
and this was attended by rapid exhaustion of the gas in the 
tube. Now direct chemical effects of cathode rays are, in 
the particular case of phosphorus, not necessarily to be 
expected. The better known effects of the rays are reducing 
effects as they appear in the cases of various salts. Any 
observed chemical effects of the rays on phosphorus could 
therefore reasonably be accepted as secondary effects following 
on the direct thermal effects of the rays; and the observed 
modification of the phosphorus to the red variety, when 
viewed in this light, would seem to be a very natural effect. 
But quantitative experiments showed that, even on making 
the extreme assumption that all the kinetic energy of the 
rays could be converted into available heat energy, and 
calculating the mass of phosphorus so modifiable, the mass 
actually modified was yet in excess of the calculated value. 

A definite mass of white phosphorus was subjected to a 
direct stream of cathode rays for a definite interval of time, 
a part being so transformed apparently to the red modification. 
The remaining white modification was separated by solution | 
in carbon bisulphide, and an estimate obtained of the mass 
modified by the rays. From a knowledge of the order of the 
kinetic energy of the rays used, and on the hypothesis that 
all the energy of the rays was reducible to heat, a comparison 
could be made between a maximum value of the heat supplied 
by the rays and the heat actually required for the observed 
transformation. In every case the mass of phosphorus 
actually modified proved excessive. 

The rays, then, had two distinct effects at least on white 
phosphorus. There was a purely thermal effect; and there 
was a more directly chemical effect. The latter might be 
due either, (1) to a direct effect of the corpuscles on the 
phosphorus; or (2), to an effect of the corpuscles on the gas 
in the tube (ionizing or otherwise) followed by a reaction 
between the modified gas and the phosphorus. 

Experiments were made with various modified forms of 
discharge-tubes in which the phosphorus was carefully kept 
out of the direct path of the rays, screened from any ultra- 
violet light from the discharge, &c. ‘These experiments 
made it evident that a large part of the original effect must 
be due to a reaction between the phosphorus and the gas in 
the tube, modified in some way by the passage of the rays 
through it. The passage of the discharge continued to be 
attended by a certain exhaustion of the gas in the tube and 
a similar simultaneous slow modification of the phosphorus. 
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As the phosphorus was contained in a chamber separated from 
the actual discharge-tube by a U-tube immersed in liquid 
air, it is impossible to argue that the observed ettects might 
be due toa direct action of the rays on any phosphorus vapour 
that might have made its way into the actual path of the rays. 
Clearly the rays so modified the gas through which they passed 
as to render it chemically active towards the phosphorus. 

As the gas in these experiments was necessarily—with the 
exception of traces of the rarer gases of the atmosphere— 
exclusively nitrogen, these results bear interestingly on 
certain results of R. J. Strutt, who finds that nitrogen, when 
subjected to an energetic electric discharge, assumes a certain 
chemical activity which enables it to react with various 
substances in a manner and according to a mechanism as yet 
not fully determined *. 

A special study was made of this effect of cathode rays on 
nitrogen and its relation to the attendant chemical effects 
between the gas and phosphorus. 
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The apparatus shown in fig. 1 (a and }) was set up for the 
purpose of working with definite measurable quantities of 
gas, homogeneous rays, &e. 

* “ An active modification of Nitrogen,” Proc. Roy. Soc. March 1911, 
et seq. 


Phil. Mag. 8. 6. Vol. 25. No. 146. Feb. 1913. Q 
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B is the cathode-ray bulb. For the production of the 
discharge a Cox coil was used and proved very satisfactory, 
the discharge being perfectly unidirectional at the low 
pressures under which all the work was carried out. A 
rectifier was at one time included in the circuit. It had the 
effect of inconveniently reducing the density of the cathode 
stream and proved unnecessary. The rays on passing through 
the anticathode entered the solenoid } (shown in section) to 
which the bulb was waxed at a. They could here be sub- 
jected to a very uniform magnetic field of measurable 
intensity and deflected in a magnetic spectrum*. The 
solenoid, 13 em. long, was wound in 3 layers, of 77 turns 
‘each, on a tube of external diameter 3°70cm. ‘The external 
diameter of the windings was 465 cm. The calculated 
field at the centre gave a value of H=21 gauss per ampere. 
‘On entering the solenoid, deflexion of the rays through a 
right-angle brought a pencil of any required velocity opposite 
the orifice o, through which it emerged from the solenoid 
and entered the ionization-chamber I. The radius of the 
circle into which the rays are bent to enter o is equal to the 
internal radius of the casing of the solenoid, which was 

mv 


177 cm. From the formula p= of we find the velocity of 


these rays is 6°8x 10°C cm. per sec., where C is the 
current passing through the solenoid, in amperes ; from which 
the velocity of the rays which enter the chamber corres- 
ponding to any desired current may easily be calculated. 
After resolution into the magnetic spectrum, a small pencil 
of rays of very nearly uniform velocity entered the ionization- 
chamber through 0, where, provided any external field due 
to the solenoid had been duly balanced out, the pencil 
travelled without further deflexion to the Faraday cylinder F. 
This, as also the ionization-chamber and the casing of the 
solenoid, was of brass. There was of course scattering of the 
rays by the gas in the chamber ; but this was very small in 
practice, and was allowed for by suitably choosing the 
dimensions of the Faraday cylinder. The Faraday cylinder 
was connected to a sensitive galvanometer of the Nalder type 
(sensitiveness : 8°7X 1071? ampere per scale-division, at 1 
metre). ‘The other terminal of the galvanometer was earthed, 
as were also the ionization-chamber and the casing of the 
solenoid. It was the gas in I that was eventually brought 
into contact with phosphorus. ‘The phosphorus was contained 
in the tube P and separated from the remainder of the 
apparatus by wide U-tubes, U, and U,, maintained at the 


* Whiddington, Proc. Roy. Soc. July 1911. 
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temperature of liquid air during the experiments; this 
prevented the diffusion of phosphorus vapour into other parts 
of the apparatus. (To prevent diffusion of the vapour while 
no experiments were being made the taps T, and T, could be 
kept closed.) 

The orifice o was a small slit parallel to the axis of the 
solenoid, ‘7 mm. broad and 2 mm. long. Sucha slit ensured 
the admittance into I of a maximum density of the cathode- 
ray stream without sacrificing homogeneity of velocity. 0 
could be closed by a shutter 8, shown in detail in fig. 1d. 
Several attempts were made to adapt an ordinary tap to this 
purpose, the tap being placed at ¢. As this tap must 
necessarily be earthed it was essential that a metal one be 
used. With a view to preventing any heating of the tap 
grease by the cathode rays in their passage through the bore, 
the taps tried were grooved immediately above and immedi- 
ately below the bore and left ungreased between these 
grooves. The experiment proved fairly satisfactory ; but no 
tap was entirely reliable, and unless repeatedly greased soon 
failed to hold a vacuum. The idea was abandoned and a 
shutter system substituted. S is a heavy brass slab shaped 
as in fig. 16, as perfectly plain as possible and polished to a 
mirror surface with emery and rouge. It was completely in 
contact with the wall of [I at the centre of which iso. Its 
normal position was such as to cover o completely. W is a 
tap deeply grooved at the centre so as to allow of its taking 
afew turns of thread. It operated as a windlass and allowed 
of S being manipulated trom outside the apparatus. §S 
“rotated about the peg p and, by shortening or lengthening 
the thread, o could be exposed or covered at will. Although 
this system did not, of course, prevent diffusion of gas through 
o when dealing with ordinary pressures, it was entirely 
efficient at the low pressures required for cathode-ray work 
(050 mm. of mercury). Knudsen * has shown that for such 
an orifice and at such pressures as we are here concerned 
with, the ordinary laws of diffusion do notapply. The mean 
free path of the gas molecule becomes the important factor 
in the problem, and any diffusion through the orifice is 
determined only by the chanee of its lying directly in the 
path of any gas molecules. Diffusion, then, becomes very 
much reduced ; being, as a matter of fact, only proportional 
to the first power of the pressure difference hetween the 
gases on the two sides of the orifice. The experimental 
application of this principle proved perfectly satistactory. 


* Knudsen, Ann. der Phys. vol. xxviii. p. 75 et seq. 
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The gauge used was a Mcleod gauge with a bulb of large 
capacity. The gauge had been carefully calibrated before 
setting up, observations being made directly in mm. In 
the course of the work the readings were of course com- 
parative, and were accepted as correct to two parts in ten 
thousand. 

The gas used throughout the work was specially prepared 
and carefully dried nitrogen. In practice the preparation of 
the pure gas involves considerable difficulty, chiefly in the 
removal of the nitric oxide, which is produced in small 
quantities by most of the reactions in which nitrogen is the 
chief product, Nitric oxide is an extremely stable compound, 
and can only be eliminated with great difficulty. Hempel 
first showed that copper gauze in contact with a solution 
containing equal parts of ammonia solution (880) and water 
saturated with ammonium carbonate absorbs oxygen abso- 
Jutely and with great rapidity. This was made the basis of a 
method for preparing nitrogen. The gauze was packed in 
rolls into a gas pipette G, which was then filled with the 
solution. Air, duly freed of COs, was forced into the pipette, 
and total absorption of oxygen followed. ‘The residual 
nitrogen, with possible traces of argon and free ammonia, 
was admitted into the apparatus through the drying-chamber 
D, where it was left for some time in contact with P,O;. 
Here the gas was thoroughly dried and any traces of 
ammonia eliminated *. 

Sir J. J. Thomson has also made use of this method of 
preparing nitrogen in his more recent work on positive 
rays j. 

The method of experiment was as follows : 


Let V,==volume of the apparatus included by the bulb and 
the solenoid. 
V.=volume of the ionization-chamber I. 
V;=volume of the apparatus contributed by P, U;, Us, 
the gauge, and any connecting tubes. 


V., then, was separated from V, at o; and V; from V, 
by the tap T;. A large flask V of known volume could be 
very thoroughly exhausted by the use of the coconut-char- 
coal tube C; maintained at the temperature of liquid air. It 


* Ammonium metaphosphate, in the presence of moisture, being 
formed at once : 


2NH,+ H,0+P.0;=(NH,).P.0¢. 
+ £.g., Phil. Mag. vol. xxi. no, 122, Feb. 1911. 
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served as a volumenometer, and by its means V,, Vo, and V; 
were determined. With the apparatus used V, was 90°12 c.c. 
and V3, 343°78 c.c. 

At the beginning of any one experiment, nitrogen, under 
any required pressure p, occupied V;+ V2+ V3, the orifice o 
and the tap T, being open. 

T, was then closed and V3; very thoroughly exhausted by 
means of the charcoal tube C, to a small residual pressure p’. 
(In all the experiments this was of the order of :0001 mm. 
of mercury.) 

Cathode rays, of known velocity v, were then passed 
through I and the galvanometer deflexion @ noted ; this 
deflexion being proportional to the number of corpuscles 
passing through the chamber per second. (By suitably 
regulating the current through B it was found possible to 
ensure very constant and steady galvanometer deflexions, 
even when working with rays of a velocity approaching 
10'° cm. per sec.) 

After 90 seconds S was dropped, o closed and the rays 
cut off. T, was immediately opened and the nitrogen in I 
allowed to distribute itself between the volumes V, and Vs, 
a certain proportion “reacting” with the phosphorus in P 
—which was of course always present in excess. This 
“action”? was rapid. The resultant pressure in V.+ V3 was 
observed after an interval of one minute; this pressure II 
being the pressure under which that proportion of the 
nitrogen from V which was “inactive” occupied the volume 
V.+ V3. 

If ¢ is the pressure under which the “ active” proportion 
of nitrogen would have occupied the volume V,+.Vs, 


we have pVotp V3=(11+¢)(V2+ V3), 


! 
and can deduce $=! ihe —II from the experiment ; 


and hence, if necessary, the actual mass of nitrogen rendered 
““ active.” 

For all purposes of discussion, we need only concern 
ourselves with the quantity @. @ is the pressure under 
which a mass m of “active” gas occupies the volume 
V,+V;. The volume V.+V; is a constant quantity ; and 
provided the gas undergoes no important changes of tempe- 
rature in the course of the experiments, # is proportional 
to m. 


222 Mr. E. Jacot on a Relation between Ionization by 


Results. 


The results obtained are tabulated in Table I. The 
pressures at the beginning of each experiment are given in 
column 1. The currents passing through the solenoid, pro- 
portional to the ray velocities, are arranged in column 2. 
The galvanometer deflexions in the third column are a 
measure of the number of corpuscles n passing through the 
ionization-chamber per second during successive experiments. 
Values of ¢ as calculated from the results of each experiment 
appear in column 4, 


TasueE I. 
1 2 3 a 5 6 7 
Deere a Solenoid) Galvano. Oxp 6 
| current, | deflexion. | ¢ x 10+. prop. |~ 10!. R 
mm. of Hg. amps. Q. to np. |P 
080 4°3 2°5 6 "20 30 “O4 
4°7 55 12 "44 27 08 
066 4°3 75 15 "49 30 13 
4-7 10°5 19 69 Pa 14 
elk 15 19 ‘99 20 14 
052 4:7 18 25 “94 27 21 
Dal 19 19 “Ghs) 20 18 
55 29 31 Lot 20 27 
041 51 34 27 1:39 20 32 
5°5 43 35 i‘76 20 41 
6:0 50 36 2°05 17 4] 
036 55 52 37 1°87 20 49 
6:0 56 35 2:02 17 47 
65 D7 28 2°05 14 37 
030 55 ay 34 1-71 20 53 
60 62 33 1:86 18 52 
6°5 63 26 1:89 14 32 
025 6:0 ia 30 iis 17 56 
6°5 @ 26 1:93 14 50 
70 101 25 2°52 10 48 
021 6:5 ill 32 2°33 14 73 
70 126 26 2°65 10 59 


In fig. 2 the values of ¢ have been plotted against the 
products @p for various velocities of the rays. The curves 
are straight lines passing when produced through the origin 
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of coordinates ; and show a very fair proportionality between 
g and Op over the range considered. 
Fig. 2. 


“50 “00 1-50 2.00 250 Op 

To plot the variation of @ with ray velocity the values 
of @as they appear in Table I. have been reduced to a 
common yalue of @p and entered in column 6 of the same 


table. In Table II. these values of = are collected and 


entered against the values of the corresponding ray velocities, 
the mean for any one ray velocity being taken. 


Papi e LE. 
1 9 3 
Cathode-ray : 
velocity in Cathode-1 ay @ 
terms of eee ép pau (a eae 
solenoid current. em. X 107”. 
ASS BUNS.) s'a03 - | 2:92 20-0 
cL Bl (3 RM eS a 27:0 
ROM se vse 3:47 20-0 
LS Pe ot Me ween SA: 20:0 
214 0 a 4-08 173 
ORD gig by ea teas 4-42 14-0 


714) a RY 4-76 10-0 
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In fig. 3 the values of 2 have been plotted against 
the velocities of the rays. The curve shown is the curve 


obtained on the hypothesis that a varies inversely as the 
second power of the velocity of the rays. The points plotted 
are the experimental points. 


& 71 amps. oe 
272. 340, 4-08 4-76 ems per sec. X10 


We may take it, then, that the variation of ¢ specifically 
with the velocity of the cathode rays is given by an inverse 
square law. 

Its variation with Op and hence with np has been shown 


to be linear. @ then, is proportional to = and hence the 


total mass of nitrogen which enters into combination with 


the phosphorus is proportional to 


Z 


Part II. 


The ionization in the chamber V. immediately before the 
gas is admitted to the phosphorus in P, is the equilibrium 
ionization due to cathode rays when a steady state has been 
attained. 

In the general case, this steady state is reached when the 
gain in the ions made per second by the rays is exactly 
balanced by the loss through recombination and diffusion. 

Consider the ionization by a cathode ray per c.c. of gas. 
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In the special case that follows on the hypothesis that the 
only source of loss of ions is recombination, the total number _ 
of ions is * 


21 / nfa, 
where / is the diameter of the chamber, n is the number of 
ions produced per c.c. per second, and a is the coefficient 
of recombination. 

In the special case that follows on the hypothesis that the 
loss is entirely due to diffusion, the total number of ions is f 
273 
3) De 


where D is the coefficient of diffusion. 
9 inde 
Hence, if an 2 is small compared with 2/ n/a, the loss 
of ions from diffusion becomes large in comparison with the 
loss due to recombination, and the latter justifiably negligible. 
For pressures of the order of those involved in the present 
work this condition becomes 


9n< 3x10 Vn, 
or eae Woe 


and is amply satisfied. 
While cathode rays cross the ionization-chamber, 


ap ions are made per second, 
where « is a constant. 


There is a loss B N due to diffusion to the walls of the 


chamber ; where # is a constant and N is the finite number 
of ions in the interior of the chamber. 
When the steady state is attained, we have 


ap ==N, 
P 
or 
a 
i BP 
N, then, the equilibrium ionization, is proportional to p? 
when diffusion through ions to the walls of the ionization- 


chamber is considered. 
If, however, the radius of the chamber is comparable with 
* J.J. Thomson, ‘Conduction of Electricity through Gases,’ p. 16 


(second edit.). 
h Loud. p..31. 
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the mean free path of the ions, the only loss is that due to 
a direct impact of the ions on the walls of the chamber ; and 
this is proportional to N. 

Hence, in the steady state, 


BDO) == (1) 
or N, the equilibrium ionization, becomes proportional to p, 
the pressure. 

From a consideration of Townsend’s work *, this mean free 
path for pressures of the order of those involved here is 
about lem. The radius of the ionization-chamber I = 1:5 
cm.; a value of the same order as the mean. free path of the 
ions considered ; and N; the equilibrium ionization, is there- 
fore proportional to p, the pressure. 

The total mass of nitrogen which enters into combination 
with phosphorus under circumstances treated of in Part L., 
has been shown to be proportional to the pressure imme- 
diately before the gas is admitted to the phosphorus in P. 
It is therefore also proportional to the equilibrium ionization 
in the gas. 

Glasson t has experimentally investigated the variation 
of specific ionization with velocity of cathode rays for a 
particular case, and has found that, in air, the ionization due 
to cathode rays per unit length of path of the rays varies 
nearly as the inverse square of the velocity of the rays and 
directly as the pressure. 

If this applies to other gases, and more particularly for 
present consideration to nitrogen, the specific ionization 
due to cathode rays is proportional to the pressure, and hence 
the equilibrium ionization is proportional to the specific 
lonization. 

We therefore arrive at the result that the total mass of 
nitrogen which enters into combination with phosphorus 
under the circumstances treated of, is directly proportional 
to the specific ionization of the nitrogen immediately before 
combination occurs. 

The writer has extended Glasson’s experiments, working 
with pure nitrogen where Glasson worked with air. The 
range of cathode-ray velocities examined was of course the 
same as entered into the work described in Part I. above ; 
and this constituted a range of lower values than those 
examined by Glasson. Glasson’s work extended over the 
range 4:08 x 10° to 6°12 x 10° em. per sec. The work here 
described covered the range 2°92x10° to 4:76x10° em. 


per sec. 
* Townsend, Phil. Mag. ser. 6, vol. i. p. 198. 
‘+ Glasson, Phil. Mag. Oct. 1911, p. 647. 
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The arrangement of the apparatus was in its essentials 
the same as that described by Glasson. The apparatus used 
in the previous work (fig. 1a) comprised it in part. The 
discharge-tube B, the solenoid, and the ionization-chamber I 
were the same; the outlet from the ionization-chamber to P 
being now closed. The casing of the solenoid and the 
ionization-chamber were earthed as before, while the Faraday 
cylinder was raised to a potential sufficient to saturate the 
gas by a battery of a few storage-cells, whose other terminal 
was connected through the galvanometer to earth. In these 
experiments a potential of 10 volts was applied to the 
cylinder. Experiments, as before, were made at various 
pressures, rays of known velocity being made to cross the 
ionization-chamber I. 

The effective length of path of the rays in the chamber 
was the distance between the entrance o to the chamber and 
the entrance to the Faraday cylinder F. It was the ionization 
in this length of path that was examined. 

The current through the chamber, as measured by the 
galvanometer during any one experiment, was evidently 
made up of 


(1) the current carried by the rays themselves, 
and (2) the ionization current. 


The direction of the former was independent of the sign 
of the potential applied to the Faraday cylinder, while the 
latter could be changed in direction if the imposed field was 
reversed. By such a reversal of the potential of the Faraday 
cylinder the sum and the difference of the effects (1) and (2) 
were obtained. 

If, in any one instance, n is the number of cathode rays 
crossing the chamber per second ; and @ the number of pairs 
of ions made by one corpuscle in travelling 1 cm. in nitrogen 
at a pressure of 1 mm. of mercury; and / is the length of 
path of the rays in the chamber, we have as follows : 


The current carried by the rays = ne. 
The saturation current carried by the ions = alpne. 


When the Faraday cylinder is positively charged the 
current is given by 
cy=ne + alpne, 
and when the cylinder is negatively charged 
Co=ne— alpne. 
Thus 
SE 


Cy + Co 


= alp. 
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This ratio, which we will call N, is the number of pairs 
of ions made by a ray in crossing the chamber. Knowing 
! and p we derive a, the specific ionization produced by one 
corpuscle travelling 1 cm. in nitrogen at a pressure of 
1 mm. of mercury. 


Results. 


The results of the experiments are shown in Table IIL. 
Column 1 gives the pressure throughout the apparatus in 
mm. of mercury ; column 2 the current passing through the 
solenoid during each successive experiment ; column 3 mean 


Cy — C9 


values of the ratio = N, the number of pairs of ions 


Cy + Co 
made by a corpuscle in crossing the chamber. 


Tas eE ITI. 
lz 2. 3. 4, 
Pressure p, Sclenoid current, N N 
mm. of Hg. amps. 4 p 
083 4:3 1-83 22:1 
auf 1°53 18°4 
064 4°3 1-41 22°1 
AT I-19 18:6 
51 1:02 15°9 
050 any 92 18°4 
51 78 157 
5°5 67 13°4 
"041 51 65 15'9 
5°5 56 13°6 
60 47 11-4 
035 5d 48 13°8 
6:0 40 11-4 
6°5 35 10°0 
030 55 40 13°4 
6:0 "35 11:5 
65 “31 10°2 
028 6:0 32 11°6 
65 29 10°4 
7:0 25 90 
025 6°5 25 10:0 
70 23 92 


In fig. 4 the values of N have been plotted against the 
values of p for various velocities of the rays. The curves 
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are straight lines passing when produced through the origin 
of coordinates—showing a very fair proportionality between 
N and p over the range of values examined. 


N Fig. 4, 


(0) O10 -020 = 030 “040 ‘050 060 ‘070 “080 090 =p (mm) 

To plot the variation of N with ray velocity the values of 
N as they appear in Table III. have been reduced to a 
common pressure and entered in column 4 of the same table. 


In Table IY. these values of - are collected and entered 


fe 
against the values of the corresponding ray velocities, the 
means for the various ray velocities being taken. 


TABLE IV. 

ls 2. 3B: 4, 

Ray velocities Ray velocities, N 
in terms ot = oe a, 

solenoid current, | ©™- X10 ©. Pp 
4-3 amps....... 2°92 22'1 34 
EFA ee oetes 3°20 18°5 2°38 
Sabet aD Gs Aye 3°47 158 2°4 
DS) CO eee 3°74 13°6 2 
GO a vatece 4-08 ite hs 1:8 
GO ze, 4-42 102 16 
ROG) ates... 4:76 9-2 14 
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In fig. 5 the values of « have been plotted against the 
velocities of the rays. The curve drawn is the curve obtained 
on the hypothesis that « varies inversely as the second power 


of the ray velocity. The points plotted are the experimental 
points. 


185 


154 


123 
272 3-40 4:08 476 ene. persee.xioF 


We may take it, then, that the variation of the specific 
ionization in nitrogen by cathode rays with the velocity of 
the rays is given by an inverse square law. 

From the results of the work described in Part J., con- 
sidered in the light of this conclusion, it becomes established 
that the total mass of nitrogen which enters into combination 
with phosphorus under the conditions treated of is directly 
proportional to the equilibrium ionization of the nitrogen. 


Discussion. 


(1) Calculation of the specific ionization in nitrogen by 
a cathode-ray corpuscle of known velocity. 

We proceed to a numerical estimate of the specific ioni- 
zation in nitrogen by a cathode-ray corpuscle of known 
velocity. This is given by the value of «. 

From columns 3 and 1 of Table LV. we have as follows :— 

For a current of 5°5 amps. through the solenoid, 7. e. a ray 
velocity of 3°7 x 10° cm. per sec. 

D8: 
P 
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a, as defined, is OL: and in these experiments / was 6°5 cm., 
~P 


whence «, for a velocity of 3°7x 10° cm. per sec., =2'1. 
That is, 1 cathode-ray corpuscle moving with a velocity of 
3°7 x 10° cm. per sec. through nitrogen under a pressure of 
1 mm. of mercury involves the absolute formation of 2°1 pairs 
of ions. 

Other values of «, corresponding to other velocities of 
rays, are collected in column 4 of Table IV. 


Conformity with theory of results. 


Sir J. J. Thomson™* has recently considered from a theo- 
retical point of view the problem of ionization in gases by 
moving particles. 

Working on the assumptions :— 


(1) That the corpuscles in the gas atom are attracted or 
repelled by cathode rays as these pass through the 
atom and so acquire kinetic energy ; 


and (2) that if in any one instance this energy exceeds 
a certain value—the value necessary to ionize the 
atom—a corpuscle escapes, leaving us with a 
positively charged atom and a free corpuscle ; 


and considering the special case of one cathode-ray corpuscle 
approaching an atom, he arrives at the relation 


ene ia ie 
va(2-1)f, 
where d is the perpendicular distance from a corpuscle— 
relatively at rest in the atom—on the direction of propa- 
gation of the first corpuscle. 
T is the kinetic energy of the first corpuscle, and Q is the 
energy transferred to the second. Hence, if a corpuscle 


requires an energy W to escape from the atom, then, for 
lonization to occur, 


d must be ve Sy a 
W ay? 


If n is the number of corpuscles in the atoms in unit volume 
of gas, the number of collisions for which d is not greater 


* “Tonization by moving particles,” Phil. Mag. April 1912. 
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than this expression that are made per cm. by a corpuscle: 
moving through the gas is 


nad? 


ntre* e == 1) 
T? 


or 


This is a maximum when T=2W. 
In the case of cathode particles T is large compared with 
W and the expression becomes 


niet 


W'TL' °, 
Hence the number of ions produced per cm. by cathode. 


particles varies as a that is, inversely as their kinetic 
energy. 

The results of the work described in Part II. above are in 
agreement with the theory. 


(2) Calculation of the proportion of nitrogen, ionized by 
rays of known velocity, that enters into combination with 


phosphoras. 


The following will serve as an example :— 


At the beginning of an experiment, 
(1) The ionization-chamber (volume V,=90°12 c.c.). 
contained nitrogen under a pressure ‘041 mm. 
(2) The volume V,;=343°78 c.c. was thoroughly ex- 
hausted, the pressure as recorded by the gauge 
being of the order of ‘0001 mm. 


After the passage through V, of rays of velocity 3°7 x 10° 
cm. per sec., the gas in V, was shared between Vz». and V3 
and the resultant pressure recorded : ‘0085 mm. nitrogen,. 
then (“active” and “ inactive’), occupied a total volume 
Vo+ V3;=438°90 c.c. under a pressure (0085 mm. Of this, a 
volume 433°90 c.c. under ‘0035 mm. press. was “ active ” ; 
and a volume 433°90 c.c. under °0050 mm. press. was 
“inactive.” A ratio R=-41 of the total gas was therefore 
‘active.’ 

The values of R for the series of experiments are collected 
in column 7 of Table I. 

Numerical estimates of the number of ions in any given 
mass of ‘‘ active 7’ nitrogen after admission to the phosphorus. 
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chamber P cannot be made with any accuracy. Recom- 
bination and diffusion of ions are factors that enter into any 
calculation of this kind. At the low pressures at which the 
work ‘was necessarily carried out, these are factors that cannot 
be neglected; and we have as yet no working data to allow 
of any calculation of these factors. From a general con- 
‘sideration of our results, however, it is evident that, in any 
one experiment, the proportion of ions in the “active” 
portion of nitrogen concerned is small; and hence that the 
observed combination between nitrogen and phosphorus is 
not in the main a combination between ions and _ the 
phosphorus. The combination is a well-defined function of 
tlie equilibrium ionization of the nitrogen. But the function 
of the ions in P need be no more than that of assisting a 
combination which could not otherwise effect itself. 

On the other hand, the observed activity of the nitrogen 
may be due to some effect of the cathode rays on the gas 
quite apart from the ionizing effect. The corpuscles in the 
gas molecule are attracted or repelled by cathode rays as 
they pass through or near the molecule and so acquire 
kinetic energy. If this energy does not exceed a certain 
value—the value necessary for ionization—the effect on the 
gas molecule may yet be such as to effect its stability. The 
molecule may break up with the formation of two free atoms. 
This monatomic nitrogen would constitute the active gas ; 
and the results described above would show that this 
atomizing of the gas by cathode rays is proportional to the 
ionization by the rays. 


Summary. 


I. The action of cathode rays on white phosphorus has 
been made a special study. The action is at least twofold : 

(1) There is a purely thermal effect of the rays, resulting 
in the formation of red phosphorus ; 

(2) There is a more directly chemical effect due to an 
effect of the corpuscles on the nitrogen in the 
tube, followed by a reaction between the modified 
gas and the phosphorus. 


The latter effect is proportional to the equilibrium ionization 
of the nitrogen; but the total number of active atoms or 
molecules in the gas is of a much higher order than the 
number of ions present in the gas at the instant of 
combination. The function of the ions may be that of 
assisting a combination which does not otherwise effect 
itself. More probably, the activity of the gas is not directly 


Phil. Mag. 8. 6. Vol. 25. No. 146. Feb. 1913. R 
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due to its ionization, but rather to an atomizing effect of the- 
cathode rayson the gas—the active product being monatomic: 
nitrogen, and the total number of modified gas molecules. 
showing an exact proportionality to the ionization in the gas. 
by the rays. 

II. The ionization in nitrogen by cathode rays has been 
shown to vary inversely as the kinetic energy of the rays, for: 
rays of velocities ranging from 2°92 x 10° cm. per sec. to. 
4:76 x 10° cm. per sec. 

The ionization also varies linearly with the pressure over- 
the range ‘085 mm. to ‘025 mm. of mercury. 


My best thanks are due to Prof. Sir J. J. Thomson for his. 


kind interest in this research. 


Cambridge, 
Dec. 1912. 


¢ 


XXVIII. The Theory of the Scattering of Rintaen Radiation. 
By D. L. WEBSTER *. 


i. a recent paper by Mr. J. A. Crowther Tf, are described 
some experiments on the scattering of Rontgen rays by 
disks of aluminium or paraffin paper, made to test the formula 
that gives the intensity of the rays scattered to an angle @ as. 
proportional to (1+cos’@). This formula may readily be. 
obtained from the expressions for the radiated electric and 
magnetic vectors given by Prof. Sir J. J. Thomson in his book, 
‘The Conduction of Electricity through Gases,’ with the 
assumption that each electron in the radiator scatters the same. 
amount of energy that it would scatter if it were alone. 

The observed radiation is found to fit the formula well at 
angles greater than about 60°, but to be much in excess of the. 
calculated value at small angles. The properties of this 
excess radiation are summarized in a second paper by 
Mr. Crowther {, as follows :— 

“(1) For a given radiator and for primary rays of given 
hardness the excess radiation in any direction is directly 
proportional to the thickness of the radiator. _ 

(2) The total excess radiation round the radiator decreases 
as the primary beam becomes harder, and increases with the 
atomic weight of the radiator. 

‘© (3) Within the limits of experimental error the hardness. 


* Communicated by Dr. Theodore Lyman. 
+ Proc. Roy. Soe. A. lxxxvi. pp. 472-494. 
t Proc. Camb. Phil. Soc. xvi. 6, pp. 534-539, 
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of the excess radiation is the same as that of the primary 
from which it is produced. 

“< (4) Lf H,80 is the intensity of the excess radiation between 
the angles 6 and +60 with the primary beam 


E,80 = ' Be-®0 86, 


where E is the whole intensity of the excess radiation round 
the radiator, and 6 is a constant depending only on the 
quality of the primary beam and the substance of the radiator. 

‘“(5) The value of 6 decreases as the primary beam becomes 
harder, and increases with the atomic weight of the radiator. 
It is independent of the thickness of the radiator,” 

In Mr. Crowther’s first paper these effects were explained 
by the hypothesis that each molecule refracted part of the 
rays falling on it through a certain small angle, and the dis- 
tribution of the excess radiation was shown to agree with the 
distribution calculated on this hypothesis by Prof. Thomson. 
But in the second paper another explanation, on the basis of 
radiation from the stoppage of secondary cathode particles, 
was put forward. 

The purpose of the present paper is to revise the original 
formula without the hypothesis that each electron scatters 
energy exactly as if it were alone, and to show how the 
re-enforcement of the radiation from one electron by that 
from another may produce the “excess radiation” that 
Mr. Crowther has observed. 

For this purpose, we may first considera single, polarized, 
primary pulse, specified by the formula 


t—x 
Ez = Uh 0: B,=By/f("), ° ° e (1) 


where ¢ is the time, considered equal to the distance light has 
gone since the time t=0. Let f(s) be zero except in the 
interval —}<s< +4, over which the average value of its 
square is 1, so that Ey isthe square root of the mean square 
of H,. Let there be n electrons per unit volume in the 
radiator, each with a charge e and mass m*; and let the 
origin of coordinates be the positivn of one of the electrons 
at the time t=0. 


: Vite ie ° 
At the point 7, @, > in the x, z plane, where 7 is very large 
compared with the distance of any electron in the radiator 
* It must be noticed here that with the time unit used in this paper, 
to niake force equal to mass times acceleration, the mass of any body 


must be c? times the mass in units in which the velocity of light 1s ¢. 


R2 
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from the origin, and z > 0, the electric vector radiated from an 
electron at x, y, z, is in the —y direction, of intensity, 
ely (t—7 i 
9 


Agrmr": af 
where 7’ is the distance from the electron to the point 4, y, <. 
For the electron at the origin, letting E,=e?E,/4amzr, this 
reduces to 


7, ; 
By f(p"). ee 
Neglecting small quantities of the second order, (2) becomes 


Ef —_— = Dene . (3) 


If now the electron at the origin is to be re-enforced by the 
one at a, y, 2, the times of arrival at 7, 0, 5 of their scattered 


radiations must differ by less than T, so that the point a, y, z 
must at least lie between the planes, 


«(1—cos 0) —z sin @= —$T, 


nls anne (4) 
and w(1—cos 0)—zsin d= +3T, 


the distance between these planes being T/2 sin a and their 
direction being parallel to the y axis and to the bisector of 
the angle between the « axis and the radius vector 7’. 

This, however, is not the only limitation on the space 
available for re-enforcing electrons, for there is also the 
limitation due to the second order terms, neglected in (3). 
But since the limits thereby imposed may be widened inde- 
finitely by making r large enough, we shall disregard this 
limitation. 

But another limitation, that cannot be disregarded, is 
imposed by the irregularities of the primary pulse, due to 
the disturbing effects of electrons near the —zx direction 
from the region considered. ‘To determine the shape of the 
space to which we are limited by this effect, we have no data 
except the fact that each electron disturbs the primary 
pulse only throughout a very sharp cone with its apex at the 
electron and its axis in the 2 direction from it. For a rough 
approximation we may assume the region to be a sphere with 
a number of these practically cylindrical pieces cut out of it; 
and for purposes of computation the result may be assumed 
to be a spheroid, flattened in the # direction, with its centre 
at the origin. 
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If we knew the equation of this spheroid, we might now 
calculate the volume, V, that lies at the same time within the 
spheroid and between the planes of equations (4). But any 
accuracy in such a calculation would be worthless when com- 
bined with the approximations already made, and a qualitative 
analysis of the behaviour of V as a function of @ is more 
useful. 
As the thickness, T, of the primary pulse may be supposed 
fairly small compared with any radius of the spheroid, at least 
if the material is not too dense and n not too large, V may 


be considered as the product of the distance T/2 sin zs between 


the planes by the mean area of the sections of the spheroid 
parallel to the planes and included between them. Since 


the inclination of the planes to the w axis is g. this mean area 
will be a maximum when @ is 180°, and will decrease, slowly 
at first, then more rapidly, as @ decreases. But since the 
thickness of the segment increases, slowly at first, and then 
more rapidly, V may change very slowly until @ is fairly 
small. At this stage of the process the rate of change of the 
mean area will diminish, while the thickness continues to 
increase taster than before. The volume will now begin 
to increase and continue to do so until the whole spheroid is 
included between the planes, and no further increase is 
possible. 

From the experimental fact that the scattered radiations 
are about as hard as the primary, we may be sure that, when 
@ is large, V must be small enough to contain rarely more 
than one electron, or cluster of electrons, if they are in compact 
clusters; for if there were many electrons, or clusters, radiating 
only slightly out of phase, the resultant radiation would 
appear asa pulse thicker than the primary. If there are 
such clusters, the charge, e, and mass, m, must be the charge 
and mass of the whole cluster. | 

In either case, if one such charge is known to be in the 
volume V, the probability of there being no other there 
is e~”Y; so that of all the secondary pulses scattered per unit 
volume of the radiator, ne~-”Y may be supposed to have 
electric vectors specified by expression (2), and to scatter 
energy per unit area at the distance 7 equal to 


+0, 
elt— 2 P 
Bin |[7(S)] Diced Wis oy sina ie) 


238 Mr. D. L. Webster on the Theory of the 


Of the n(1l—e-"Y) charges per unit volume not radiating 
alone, to which expression (5) cannot be applied, a fraction 
e-"V may be supposed to radiate in pairs only, each pair 
giving an electric vector in the —y direction, of intensity, 


B [(G") +(e"), - ae 


where the origin is on one of the electrons of the pair. 
Squaring and integrating with respect to ¢, we find for the 
energy scattered per unit area from each pair 


oT PE), ) pe oe 


where F is the mean product of the functions / for pairs of 
which one electron is at the origin, while the other may be 
in any part of the volume V with no preference for any part 
over any other. Evidently F is constant for large values of 0, 
but variable, increasing as @ decreases, at smaller angles, but 
always remaining less than (1). 

The case of three electrons in the volume V presents no 
additional difficulties, except the introduction of the mean 
product EF" of the functions / for pairs of which both members 
are scattered indiscriminately over the volume. 

We may now discard the assumption of a single, polarized, 
primary pulse, and assume that there are N primary pulses 
per unit time, and that the mean square of the <« component 
of the primary electric vector is the same as that of the 
y component, where the mean is over a long time, rather 
than over a single pulse. This change in our assumptions 
must, of course, result in the introduction of a factor 
N (1+ cos* 6) into the expression for the scattered radiation, 
to obtain the total energy scattered per unit time, per unit 
area of the receiving screen at a distance 7, and per unit 
volume of the radiator. The resulting quantity, which takes 
account of all re-enforcements of radiations, is 


E{TN (1 + cos?6)ne-*V [1+ (1+ F)(1—e7”") 
+(14+F4+F)(1—e°*')?+ (14 F 4 2F)(1—e7)F+....].(8) 


To obtain what Mr. Crowther terms the ‘excess radia- 
tion,” we may subtract from expression (8) the value, 
EiTnN(1+ cos? 6), of the same quantity calculated without 
reference to re-enforcements of the radiations. And since, 
for large values of 0, nV is very small, and the excess 
radiation extremely small, the total excess radiation between 
the angles @ and 64+d0 may be obtained by multiplying this 
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result by 2r°@d0, so that the final value of the excess 
radiation becomes 


Qar2BiTNn(1+ cos? O)e-"V [F(1—e-*) + (F + F’) (1—e-*V)? 
+(FL2F)(1—e "+ ....]0.d 


2 
— SHEN” (1 4. cos? @)(1—e-"") [F +(e —1) F']0 d0,* 
Sarin? 
where by excess radiation we must mean the energy scattered 
per unit volume of the radiator per unit time in the whole 
‘solid angle between @ and @+d0, in excess of the value for 
‘the same quantity calculated from the simpler formula. 

On account of our lack of knowledge of the values of many 
-of the quantities occurring in this expression, it is impossible 
to compute the amount of this radiation. To test the theory, 
Jet us therefore compare the changes of this quantity with 
those found experimentally by Mr. Crowther for the real 
-excess radiation. 

The first of his statements, of proportionality of the excess 
radiation to the thickness of the radiator, is obviously true of 
the calculated value, which is a certain quantity per unit 
volume of the radiator. 

By making the primary beam harder, keeping E,?IN 
constant, the volume V is diminished at any given angle, so 
that the excess radiation, which increases with V, is thereby 
-diminished. On the other hand, an increase of atomic weight, 
ifit means an increase of n, must increase the excess radiation. 
The second condition is therefore satisfied. 

_ The agreement of the formula with Mr. Crowther’s third 
statement is apparently not so good, as it seems as if, when 
the pulses from two neighbouring electrons arrived at the 
observing point at times differing by some fraction of T, 
the resulting radiation might not be quite so hard as the 
primary. But it may be that this effect would k:e too small 
to be detected experimentally. 

The agreement of the expression (9) with Mr. Crowther’s 
formula for the scattered radiation depends of course on the 
way in which V, F, and EF’ vary with @; but on careful 


* Note that 


see xn PS L= (1 eo 214(iee Yt (ey tae occ 
and that 
: +22V _ 1 = f na GAN ee. (ae ) 
i (a0 ™)s [1— al = gee d(1—e~"V) Eb rE 


=149(1—e-"")4-3(1—e-"")" 44(1—e "V+... 


(9) 


se 


240 Theory of the Scattering of Réntgen Radiation. 


examination it may be seen that some variations of the sort 
specified above will suffice. 

The fifth statement, about the changes of b,is equiv: valent 
to a statement that as the primary beam becomes harder, the 
excess radiation will be confined more and more to the smaller 
angles. Thisis obviously equally true cf the calculated value, 
as an increase of hardness, and consequent decrease of T, 
makes V begin to decrease sooner with increase of 0, and 
confines the re-enforced radiations to smaller angles. 

While it seems probable from these considerations that no 
further assumptions than the existence of electrons and the 
truth of the electromagnetic equations as applied to them 
are necessary to explain most of the effects observed by 
Mr. Crowther, it is by no means certain that the secondary 
cathode particles of which he speaks in his second paper do 
not have an important effect upon the phenomena. But as 
his hypothesis is based partly on the assumption that a 
cathode particle radiates only when being stopped, and then 
only in the direction of its motion just before stoppage, the 
accuracy of his conclusions mnst depend partly on the 
accuracy of this assumption. On this the equations of the 
electromagnetic field lead to some interesting suggestions. | 

For if an electron already in rapid motion is accelerated 
in any direction, and the retarded potentials due to it are 
computed for any point in ae radiated pulse, they will both 
contain the factor (1—8,)~!, where , is the component of 
the velocity of the electron in ‘the direction of the point con- 
sidered, the time units being the same as above. Therefore, 
as a brief calculation would show, the radiated vectors would 
differ from the values for the case of an electron momentarily 
at rest by the same factor, and the radiated energy per unit 
volume of the pulse by the square of this factor. But the. 
thickness of the pulse varies directly as(1—8,). Hence the. 
radiation per unit area of the pulse will be stronger in the 


ratio 
— states also ae 


in this direction than in the opposite. To the extent indi- 

cated by this ratio, and only to this extent, may we therefore 
say that the Rontgen pulse follows the dir ection of the cathode: 
ray from which it is produced. 

The results of the experiments by Mr. Kaye™*, quoted by 
Mr. Crowther as a confirmation of his hypothesis, are easily: 
explained by expression (10). For in these experiments it. 

* G, W. C. Kaye, Proc. Camb. Phil. Soc. xv. p. 269 (1909). 
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was found that if cathode rays were allowed to strike a very 
thin metallic anticathode, the intensity of the Roéntgen 
radiation in a direction near that of the cathode beam was. 
much greater then in the opposite direction, the ratio in the 
ease of an aluminium anticathode being sometimes as great 
as 3°2, indicating a mean velocity of the radiating electrons. 
of nearly *5. As Mr. Kaye does not say what the velocity ot 
his rays was, a direct comparison with the calculated velocity 
is impossible ; but indeed it would be a very poor check on 
the accuracy of the assumptions, for the opposing influences 
of the retardationsand deflexions of the cathode particle, that 
diminish the effect, and the increase of its velocity on close 
approach to a positive electron (the only kind that can cause 
appreciable radiation), may produce great changes in the 
velocity of an electron before it radiates. But the order of 
magnitude of the effect, as well as an observed difference in 
hardness of the rays, to be accounted for by the well-known 
Doppler effect, does much to confirm this hypothesis. 

From these results it appears that the secondary cathode 
particles, while they must produce some radiation, possibly a. 
part of Barkla’s homogeneous secondary radiation, cannot. 
produce any distributed like the secondary radiation on which 
Mr. Crowther’s experiments were performed. And since the 
results of his experiments, as well as those of Mr. Kaye, are 
well accounted for by the theory of Réntgen rays as electro- 
magnetic pulses, and are necessary consequences of this 
theory, they are also important confirmations of its funda--. 
mental assumptions. 

Jefferson Physical Laboratory, 


Harvard University. 
Nov. 2, 1912. 


XXIX. On the Charged Surface Layers in Contact Potential 
Phenomena between Metals. By A. Norman Suaw, JZ.8c., 
1851 Exhibition Scholar of McGill University, Montreal ;. 
Research Student of Gonville and Caius College, Cambridge*. 


J eee presence of charged surface layers has been assumed 
by many investigators on contact electr omotive forces, not 
only by those supporting the “‘ chemical theory”’ of its nature, 

but also by some of those who believe that the phenomenon 
is an intrinsic property of the metals. The following ex- 
periments were performed with the idea of obtaining some 


~ * Communicated by Sir J. J. Thomson, OM, FES: 
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method of detecting these layers in a direct manner, and 
of getting further information concerning their nature. 
Erskine-Murray *, Greinachert, and Anderson and Bowen} 
have shown experiments in which an insulated plate placed 
near another plate which is earthed assumes, whenever the 
intervening gas is ionized, a difference of potential equal to 
the contact potential between the two plates. This effect is 
analogous to that obtained by connecting two different 
metals with a drop of an electrolyte, and it was thought that 
a further study of the rate at which this potential was 
assumed might be profitable. 


§ 1. Apparatus. 


After several preliminary experiments had been performed, 
the apparatus shown in fig. 1 was constructed for the 
investigation. 

Fig. 1. 
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A is a brass cylindrical vessel (12 em. x 10 cm.) resting 
on insulating supports, II. Its side can be removed by 
sliding vertically, and the top of the vessel is supported on 


* Erskine-Murray, Proc. Roy. Soe. vol. lix. p. 383 (1896). | 

+ Greinacher, Ann. de Phys. vol. xvi. p. 708 (1905). | 

{ Anderson and Bowen, Proc. Phys. Soc. Lond. vol. xxiii. p. 846 
(1911). 
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rods erected from the base, which are represented in the 
figure by the vertical lines immediately beside the sides. 

Band OC represent plates (5 cm. in diameter) which may be 
tightly screwed on to the connexions L and H respectively. 
l, may be raised or lowered, and its position indicated on a 
seale J. D is a double cylindrical shell of lead 1 cm. in 
thickness, containing a small square window M, inside which 
is enclosed a glass tube containing radioactive material. By 
means of the handle O, D may “be rotated and M closed. 
The surface of D is covered by a layer of polished brass foil. 
F and G are openings by means of which gases may be 
introduced or removed. HH represents an insulated wire 
which is contained in an earthed brass covering filled with 
sulphur, and leads to the insulated quadrants of the electro- 
meter. (In this arrangement C is thus the only part of its 
particular section of the circuit which is exposed to ionized 
gas.) K isa key by means of which C may be connected to 
earth or to the potential divider. If the ionizing source is 
removed, the apparatus is at once available for. measuring 
contact potential differences by the usual Kelvin electrostatic 
method. 

A Dolezalek electrometer with suitable telescope and scale 
(giving 2000 small divisions per volt), potential divider, 
batteries, pump, drying-flasks, and apparatus for generating 
hydrogen either chemically or electrolytically comprised 
the remainder of the apparatus. 

_ It is important to note that the plate B and all the exposed 
interior surfaces of the vessel A were of brass, excepting 
the plate C to be examined. ‘This was necessary because 
the ionization was not completely confined to the volume of 
gas between the plates. For example, if the lead cylinder D 
was left uncovered with brass, the plate C when insulated 
would assume a difference in potential which lay intermediate 
between the values of its contact potential with brass and lead 
respectively. If, however, D was covered with brass, and if 
all the various exposed internal brass surfaces were polished 
to a similar condition to the surface of B, then the change in 
potential of C upon insulating was always exactly equal to 
the contact difference between the plates as obtained inde- 
pendently by the Kelvin electrostatic method—providing 
that the distance between B and C was not less than a 
millimetre. 

The use of the sulphur insulation in HH is another 
essential feature eliminating an ionization current leak which 
tended to reduce the apparent contact potential ; as measured 
by the ionization method. 
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§ 2. Measurement of Contact Potential between 
the Plates. 


The contact potential between a given plate C and the 
brass plate B could be measured with this apparatus in the 
following ways:— 

(1) The Kelvin method:—The ionizing source is removed, 
all parts of the apparatus are earthed, and B and C are 
placed a few millimetres apart. L is then connected to a 
potential divider, and B is charged to such a potential that, 
if C be insulated after this charging of B, it will be impossible 
to alter the electrometer reading by raising or lowering B, 
providing that metallic contact is not made with C. The 
applied potential necessary to produce this condition is equal 
to the contact potential difference between the plates. 

(2) Ionization Method, No. 1 :—All parts are earthed at 
first, then C is disconnected from earth by raising the key, K. 
If the gas between the plates is ionized, then the electro-. 
meter reading will immediately change, and after a short 
interval become steady at a new position. C is then con- 
nected to the potential divider, and it is found that the 
potential necessary to maintain the second reading is equal 
to the required contact potential difference. 

(3) Ionization Method, No. 2:—The plate B and the 
vessel A are both connected to the potential divider.. If A 
and B are charged so that the electrometer reading remains. 
unchanged when C is disconnected from earth, then this 
charging potential is also equal to the contact potential 
difference between the metal, C, and brass. 

Aluminium, zinc, lead, iron, copper, and brass plates were 
tested in this way, and in every case there was complete 
agreement between the three methods *. The two ionization 
methods were, however, about five times as sensitive as the 
electrostatic method, and gave results agreeing with each 
other to within two-thousandths of a volt. 


§3. Vhe Direct Electrical Detection of Charged 
Surface Layers. 


This section presents an account of some experiments which 
were performed with the object of obtaining direct evidence 
of charged surface layers by determining whether there was 
any appreciable time lag between the ordinary charging of 
a metal and the formation of the charged layers. It is 


* An exposure of only a few millimetres of the wire in HH to the 
effects of ionization will vitiate this agreement. Especial care must be 
taken in the preparation of the insulating sulphur. 
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mecessary in this case that the movement of the electrometer 
needle for the actual changes examined should be non- 
oscillatory in character. This condition can be obtained in 
the usual way by the introduction of suitable capacity. 

In an attempt of this kind it must first be decided whether 
an effect attributed to the surface of the metal can be dis- 
tinguished from effects due to defective or charged insulation 
material. It was found possible to do this by a series of 
insulation tests. 

Summary of insulation tests :—The three different methods 
of measuring contact potential with the apparatus were 
repeated from time to time as outlined in § 2. There was 
always the same agreement between these methods, and, as 
indicated above, it may be affirmed (1) that there was no 
direct leak across the insulation; (2) that the sulphur coating 
on the cunnexions leading to the plate © eliminated the 
possibility of any reaction between surface layers on the 
connecting wires and the ionized gas; (3) that all the internal 
surfaces of the vessel A remained at approximately the same 
potential as the surface of the brass plate B. These con- 
ditions alone, however, do not preclude the possibility of 
charges on the insulation which might be supposed to produce 
such effects as those outlined below. It was necessary to 
ascertain whether a residual charge could be produced in the 
insulation of sufficient magnitude to affect the electrometer 
reading. The cylinder D was removed, and attempts were 
made to charge the sulphur with voltages of the same order 
of magnitude as those existing across it during the experi- 
ments. Neither permanent nor temporary effects could be 
detected with voltages up to five or six times the contact 
potential. If the ionizing source was present there was no 
perceptible tendency for the insulation resistance to alter 
owing to any action of they rayson the sulphur. It should be 
noted also that, when the surrounding gas is ionized, the 
ratio of the equivalent resistance between the plates to the 
insulation resistance is so much decreased that an effect due 
to the insulation must necessarily be diminished also. 

The construction of the key, K, was also important in this 
connexion, as it was necessary to eliminate any perceptible 
kick in the electrometer reading when K was raised or 
lowered. A key was constructed which, produced no detect- 
able movement, either temporary or permanent, in the 
electrometer when contact at K was made or broken. 

The detection of the layers:—Dry air was found to be 
more suitable than the moist laboratory air, because it re- 
duced the small daily decrease in the contact potential between 
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plates which had been polished. A lead plate was placed in 
the apparatus as the plate C; dry air was passed through for 
some hours ; and the vessel A was then sealed. Three sets. 
of special observations, (a), (6), and (c), were taken as out- 
lined below, with the plates ata distance of 8 millimetres. 


Fig. 2. 
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The conditions of ionization in the vessel A were constant, 
and throughout the set there was no change in the circuit 
which could involve a change in capacity as ordinarily 
produced. 

(a) The plates and vessel A were earthed for some time ; 
then the lead plate C, together with the quadrants to which 
it was connected, were insulated, and found to assume 
eradually a difference in potential from the brass equal to 
the contact difference, at a rate given by the curve (a) in 
fio, 2. The constancy with which these figures could be 
repeated is shown in Table I. 

(b) After the electrometer reading had become steady the 
brass plate B and also the vessel A were charged to a 
potential equal and opposite to the contact potential between 
brass and the plate C. The reading then returned to zero, as 
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shown by curve (b) and Table I., and it remained stationary 
as long as the brass was charged. 

(c) The brass plate and vessel A were earthed quickly, 
and the reading returned again to that representing the 
contact potential difference, and the figures and curve for 
this return were found to be the same as those for (6). 

Similar tests were made with different plates and similar 
results obtained. Hach set of three could be repeated as 
often as desired when the contact potential remained con- 
stant. In Table I. the results for lead-brass and zinc-brass 
are given. (In fig 3 the curves for zinc-brass are shown.) 
The electrometer readings are reduced to volts, and in the 
case of the lead-brass two series are inserted in order to. 
demonstrate the accuracy of repetition. 


Contact Potential Phenomena between Metals. 


TABLE I. 


Lead-brass. 


Zinc-brass. 


Time after | 

start. (Qa) nD) Oya (een Ce), (a). | (6)* and (ec). 

0 sec, |0:000 |0:000 |0:000 [0-000 |0-000 (0-000 || 0-000 0:000 

15. ,, |0:223 |0°222 |0-284 |0-282 |0°284 |0°282 || 0°186 0°215 

380 ,, |0°303 |0°303 |0°3138 |0°314 |0°3138 |0°313}| 0317 0 341 

45 ,, |0°339 |0°341 |0°343 |0:543 |0°346 | ... 0402 0:422 

1 min. 0 sec. |0°345 |0°346 |0°346 |0:346 |0°347 0°454 0-465 

» 15 ,, |0:350 |0°351 \0°352 10-350 |0°352 0°485 0:490 

PO Pee tees We (07300 0356 0501 0:505 

RES wen diag La: oat e 0-511 0513 

2, © ,, |0°356 /0°358 (0-356 0°356] ... 0°518 0°518 

3,  O ,, |0°360 |0°360 |0-358 |0°360 |0°358 |0°360 |} 0°522 0°522 

4 ,, 0 ,, \0:360 |0:361 |0°360 |0°361 |0°359 |0°360 || 0-523 0°523 


* The values given in the columns for (0) represent the results obtained by- 
subtracting each of the readings-from 0-360 in the case of the lead-brass and 
from 0°523 in the case of the zinc-brass, in order to express the creep in the 
same direction, and thus facilitate comparison. 

(The slower initial rate of increase in the case of the zinc-brass readings. 
was due to the use of a lower charging potential for the electrometer.) 

The complete agreement of curves (b) and (c) with each 
each other and their disagreement with curve (a), considered 
in conjunction with the results of the insulation tests, cannot 
be attributed to effects due to electric absorption in the 
sulphur. These curves can, however, be explained on the. 
assimption of definite charged layers, and lead to a simple. 
means of tracing electrically the actual formation of the 
layers. Suppose that the vessel A and both plates are 
earthed, and that the air is not ionized, then, calling the 
potential of the brass V,, and the potential of the plate. 
C, V2, we have on the brass a layer ata potential V;+a,, and. 
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on C we have one at V;+a,, where (V,+ a2) —(V;+a;) =P, 
the contact potential as defined in the usual way. The states 
of the metals, and their layers before and after each of the 
three cases, are expressed with this notation in Table II. 
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TABLE II, 
Potential Potential 
at start at end 
of (0). of (0) 
Vi+P | V,+P 
V, ta, V,t+a,+P 
Vita, V,ta,+P 
(=V,+4,—P) (=V,.+4,) 
Vitea,—a, V,+a,-—a,+P 
(=V.—P) (=V,) 
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It can now be seen at once why the curves (a) will differ 
from the curves (6) and (c). During (a) there is no per- 
manent change in the layer on the brass, while in (5) and (¢) 
this layer does change, and as the passage of electrons would 
be retarded with the formation ofthe surface layers, it is 
‘apparent in the case of (a) that with one layer already in its 
final state, there will be a slower transfer than in the case 
of (b) and (c), where both layers change. A perceptible 
time factor in the formation of the layer is thus definitely 
indicated, and some capacity due to the layers should be 
detectable. This conclusion was verified by another test as 
follows :— 

All parts of the apparatus were earthed for more than five 
minutes, then the brass plate and brass vessel were suddenly 
charged to the contact potential, P, and the plate C was 
disconnected from earth immediately after. The time of 
charging the brass itself was, however, negligible in compari- 
son with the time necessary for-completing the subsequent 
disconnexion of the plate C from earth. In ordinary 
‘circumstances the electrometer would remain stationary, but 
in this experiment we should expect a temporary change in 
the potential of the plate C, while the layer on the brass was 
assuming its new potential. The plate C should first assume 
a slightly lower potential (7. e. if Vo+a,>V,+a,) and then 
return to V,. Observations showed that this was actually 
the case; the electrometer needle moved rapidly in the right 
direction, and then slowly returned to the zero value. An 
enumeration is given in Table III. of the various changes 
that take place in the metals and in their layers. 


TABLE III. 


Potential immediately | Potential a short : 
Final - 


after connecting brass} time after C is 
to potential divider. insulated. patenals 
| RICE RSS) a aie a V,t+P V,tP V,+P 
| Layer on Brass...... Vita, | V,ta,+P—E, | V,+a,+P 
Layer on Plate C... V,t+a,+P V,ta,+P-—E, | V,ta+P 
Beatie O ce, acss os nacees V,+a,—a, V,ta,—a,—E, | V,+a,—a, 


H,, E,, E; represent the effects due to the fact that it takes 
over a minute for the surface layers of the brass to follow 
the change of the brass itself. HE, alters steadily in value 
from P to zero, and E,, Hs first grow from zero to a small 
‘value and then return to zero. The magnitude of the effect 
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depends on the speed with which © is insulated after the 
brass has been charged. It ranged from 0:030 to 0:040 volt 
for lead-brass. The effect usually lasted as long as 66 seconds, 
but was almost completed in about 40. 

These variations could be greatly increased or altered in 
direction by charging up the brass and its layer to several 
volts immediately before bringing it to the potential P. In 
this case changes as large as 0°100 volt could be produced, 
growing rapidly and then slowly vanishing as before, but if 
voltages over three volts were used disturbances due to the 
insulation were obtained which slightly altered the variation. 
By keeping both plates earthed for several hours (either in 
normal or ionized air) it is possible to make the first few 
creeps slower than the normal ones of type (a). This 
appears merely to indicate that the layers become more 
compact or thicker if held for a considerable time. It 
requires at least an hour to produce a perceptible difference 
of this kind, but two or three minutes is sufficient to bring 
it back to the normal state. The layers themselves probably 
do not reach the same potential in ionized air as under 
ordinary conditions. It is also possible temporarily to alter 
the final value or contact potential by bringing the plates 
into close proximity without contact. If the plate C is left 
insulated in ionized air at a distance from the plate B 
greater than 1 mm., this preliminary retardation is not 
produced. If left for several days, however, there may 
occur small permanent changes in any circumstances due to 
the slow oxidation or deterioration of the polished surface. 
It is, indeed, usually necessary to wait several days before a 
polished surface is sutliciently constant in contact potential 


to render such comparative experiments as those mentioned 
above possible. 


§ 4. Some Experiments on the Influence of the Gaseous Medium 
and of the State of the Metals on the Formation of the 
Layers. | 
(1) The well-known effects of polishing the plates dis- 

cussed in detail by Kelvin *, Erskine-Murray 7, and others 

were repeated and examined by these ionization methods. 

Results similar to those obtained by the electrostatic 

methods were presented, and no new point was apparent. 

[The type of the curves for the various chargings varied 

proportionally with the magnitude of the contact potential 


,* Kelvin, Phil. Mag. vol. lvi. p. 82 (1898). 
+ Erskine-Murray, Proc. Roy. Soc. vol. lxiii. p. 118 (1898). 
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as measured from time to time after polishing. Curves (1) 
and (2) in fig. 4 illustrate this point in the case of lead- 
brass. Curve (1) was taken several weeks after polishing 
the lead plate, and curve (2) was taken eleven days later. 


Fig. 4, 
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The following figures represent the type of decrease in the 
total contact potential obtained after freshly polishing with 
sandpaper in the case of zinc-brass, which is much more 
constant. 

1 hour after polishing 0°596 volt. 

2 hours ,, rF (583; *,, 


3 hours ,, F eb Beige 
day... 2 O61 s 
2 days 5, ps 0°550 _,, 
ddays_ ,, . 0-546:-";, 
1 week ,, Ns O°543 . 5; 


A repetition of such an experiment will involve variations 
in the above values up to 0:02 volt, but the rate of change 
remains approximately the same. As the surface of a metal 


S 2 
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becomes tarnished or dirty it always assumes a potential 
nearer that of its surroundings. | 

(2) It was found that for different metals tested the 
charging curves appeared to differ merely in proportion to 
the contact potential. Thus the curve obtained by first 
charging up the plate C to some potential P;+ X where P; 
is the contact potential between the plate C and the brass, 
and then insulating, was similar to that obtained when 
another plate was substituted for C, charged up to Po +X 
and insulated, P, being the contact potential between the 
second plate used as C and the brass. In Table LV. a com- 
parison is shown between curves of the same type for zinc- 
brass and brass-brass, in which the plate C in the latter case 
has been charged to a potential P,—P,, where P, is the 
contact potential between the two brass plates and P, that 
between the zinc and brass. In the case of the experiment 
recorded, P,;=0:060 volt and P,=0°546 volt. 


TABLE LV, 

Time. Zinc-Brass. Brass-Brass. 
O sec. 0:000 0:000 —0:486 

1S 0:229 O251— ,, 

30 0°363 0'366—_,, 

45 0-448 0-444— ,, 

lm. 0 0°491 0-489— _,, 

15 0°519 0'518— ,, 

30 0:530 0°530— _,, 

45 0°540 0°541—_,, 


2m, 0 0°541 0:542— _,, 


In fig. 4, curve (3) represents these sets; the zinc-brasg 
points are represented by crosses, and the brass-brass points 
by small circles, the value P; — P, (—0°486 in this case) being 
omitted in the plotting in order to facilitate comparison. It 
will thus be observed that the rate of charging (or removal) 
of layers is independent of the metal and the manner in 
which the layers are produced. The general behaviour is 
the same whether the layers are produced by the phenomenon 
of contact potential or by external means, and the behaviour 
of the layers on one metal can be made similar to those on 
another by supplying the difference in surface charge by 
external means. This similarity in all metals appears to be 
further evidence in favour of the idea that contact potential 
phenomena are due to some intrinsic property of metals in 
which the boundary conditions vary for different metals, 
such as, for example, in the conception that it depends upon 
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the different amounts of work to take an electron across the 


surfaces of different metals. 
(3) The influence of the dryness of the air on the charging 
curve is shown in fig. 5 for zinc-brass. 


YOLTS 
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Curve (a) is taken with laboratory air in the vessel A 
(contact potential 0°564 volt). 

(b) is taken after passing dry air through the apparatus 
for four hours (contact potential 0°518 volt). 

(c) is taken after passing dry air through for three days 
(contact potential 0°495 volt). 

Upon allowing ordinary air to enter the apparatus at the 
end of this time the contact potential returned to 0°545 volt, 
hence showing that part of this decrease is due to the usual 
slow change in contact potential when using polished plates. 
It will be seen that this latter change is in agreement with 
the magnitude of change recorded in (1). 

After this preliminary decrease was obtained it was found 
that the contact potential became far more constant and 
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steady in the presence of dry air than in moist air. If the 
presence of water-vapour was an essential factor in the 
phenomena of contact potential it would have been expected 
that the continued presence of dry ionized air would lower 
the value of the contact potential by a much larger amount, 
and that it would at least render it uncertain. 

(4) When pure dry hydrogen was used as the gaseous 
medium it was possible to produce changes such as those 
shown by curves (d) and (e) in fig. 5 for lead-brass, and 
curves (1) and (2) in fig. 6 for zinc-brass. Curve (d) in 


Fig. 6. 
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fig. 5 is for lead-brass taken in dry air, while curve (e) shows 
the effect after passing pure dry hydrogen through the 
apparatus for several days. In this case the hydrogen was 
prepared electrolytically, and passed through an alkaline 
pyrogallic solution and the usual drying-flasks. Curves (1) 
and (2) in fig. 6 represent the change from dry air to 
hydrogen in the case of zinc-brass. It will be seen that 
under the influence of pure dry hydrogen it was not possible 


a eee 
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to produce any large change. Those recorded were the 
largest obtained ; an exposure of a week, in the case of an 
experiment with copper-brass, produced no change in the 
final value of the contact potential. The difference in 
mobility of the hydrogen ions is partly responsible for the 
difference in shapes of the curves. 

An interesting result was, however, obtained if the hydrogen 
‘was prepared from chemically pure zinc and dilute sulphuric 
acid. Curves (3)* and (4) in fig. 6 show the largest effect 
obtained for zinc-brass in changing from dry air to this prepa- 
ration of hydrogen. Curves (5), (6), and (7) in fig. 6 show the 
exceptional effect in the case of lead. Curve (5) is for lead- 
Jorass in dry air. In (6) the impure hydrogen has been 
passed through for one hour, and in (7) for one day. The 
effect sometimes became negative, and could always be made 
as small as shown in (7) for lead only. In the case of pure 
hydrogen the values were constant and could be repeated, 
but in this case they were uncertain and variable, suggesting 
chemical action. The presence of H,S and SO, in small 
quantities is probably responsible for these changes. It has 
been shown by Spiers f, “that even in a high, vacuum of 
pure dry hydrogen at a pressure of 0:0001 mm. of mercury, 
and after four washings in the gas, there is still a large con- 
tact effect,” which he attributes to the fact that there is still 
enough oxygen present to “‘ completely oxidize the surface.” 
He endeavours to show that the large diminution in the 
contact potential due to his “ heating method’’ is due to 
the final removal of this small amount of oxygen. The 
behaviour of the surface layers in our experiments strongly 
supports the idea that in cases where the contact potential is 
‘diminished we have merely the formation of extra layers 
which hold back sufficient electrons to minimize the normal 
contact effects. This would support the opinions expressed 
by Richardson in a recent paper on the Electron Theory of 
‘Contact Electromotive Force +, concerning the experiments 
of Spiers §, Brown ||, Greinacher {], and Majorana **, which 
have formerly been interpreted as strong support for the 
‘chemical theory. 


* The change in the shape of curve (3) from curve (1) is due to a 
change in the charging potential used for the electrometer needle. 

+ Spiers, Phil. Mag. vol. xlix. p. 70 (1900). 

{ Richardson, Phil. Mag. [6] vol. xxiii. p. 263 (1912). 

§ Loe. crt. 

|| Brown, Phil. Mag. | 6] vol. v. p. 591 (1903). 

‘| Loe. cit. 

** Majorana, Atti de Lincet, vol. ix. p. 162 (1900). 
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Summary. 


Tonization methods for measuring contact potential are 
described and found to be exceptionally efficient. 

A study of the rate of charging due to contact potential 
in the case of an insulated plate in ionized gas leads to new 
direct evidence of the presence of charged surface layers. 
The time necessary for their formation and change is found! 
to be observable, and effects due to their capacity are shown 
to be detectable. Their behaviour agrees with the conceptiom 
that contact potential phenomena can be explained by the: 
different amounts of work done by electrons in escaping from 
different metals. | 

The rate of charging or removal of the layers responsible: 
for contact potential is shown to be apparently independent 
of the metal and identical with the behaviour of ordinary 
charges imparted by external means. 

The influence of the dryness of the gaseous medium and 
the nature of the gas is examined, and it would appear that 
although chemical action may cause large contact effects, it 
is not usually responsible for more than a small part of the: 
phenomenon. 


My best thanks are due to Professor Sir J. J. Thomson 
for his suggestion of the research and kind interest in the 
experiments. 


The Cavendish Laboratory, 
November 1, 1912. 


XXX. Thermal Radiation from Hot Gases. 
By W.T. Davin, B.A., B.Sc., Trinity College, Cambridge ~. 


HE radiation. emitted by a substance constitutes im 
general either a continuous spectrum or a line or band 
spectrum. 

Continuous spectra are generally emitted by solid bodies 
when heated. It seems probable that these continuous: 
spectra are emitted, not by the intra-atomic corpuscles or 
electrons, but by the free corpuscles which determine the 
conductivity of metals. These corpuscles possess high velo- 
cities, and during collision with an atom at the end of their 
free flight, pulses are emitted along the Faraday tubes attached. 
to them. ‘This is also the theory of the origin of Réntgen 
rays. In this case, however, the velocity of the corpuscles 
(cathode rays) before striking the molecules is enormously 

* Communicated by the Author, | | «y eo 
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great, and the pulses emitted during collision are very 
“thin” because the duration of collision is very short. 
When the velocity is much less the duration of collision is. 
greater and the pulses emitted are broader, giving rise to 
ultra-violet, luminous, or infra-red radiation, according. to- 
the magnitude of the velocity in the free-path. If the “law 
of equipartition of energy applies approximately to systems 
consisting of atoms and free corpuscles, this theory accounts. 
very well for the known laws of radiation. It accounts, for 
instance, for the shift of the maximum point in the continuous. 
spectrum energy curves towards the shorter wave-lengths. 
with rise in temperature. 

Line and band spectra in the visible part of the spectrum 
are not emitted as the result of heat alone. It seems pro- 
bable that an element can only emitits characteristic spectrum 
when it is in the state of a gas, and its molecules more or 
less free from the influence of their neighbours. The spectrum 
of an element which is solid at ordinary temperatures is 
observed by placing it in a non-luminous flame, or by ex- 
amining the light from an electric spark or are between 
terminals made of that element. It was at one time thought 
that the emission of the spectrum was caused by the high 
temperature to which the element was raised by these means, 
but it seems probable that the only influence of temperature 
is to vaporize the element. Whenever a gas is emitting its. 
characteristic spectrum it is ionized, and it seems fairly 
certain that the emission of the spectrum is in some way 
dependent upon ionization. It is, however, possible that a 
gas would emit its characteristic spectrum in virtue of its. 
temperature alone, if it were possible to heat it to a tempe- 
rature much higher than that which can be commanded in a 
laboratory *. When an atom loses a corpuscle (in other 
words, when it is being ionized) the remaining corpuscles. 
vibrate about new positions of equilibrium, and ¢ again when 
the atom is restored to electrical neutrality, the corpuscles. 
vibrate about their old positions of equilibrium. These 
corpuscles grip the ether in virtue of their electrical charge, 
and when vibrating they send out trains of waves which 
travel through the ether with the velocity of light. The 
corpuscles in an atom of a particular element have certain 
definite periods of vibration which correspond to the wave- 
lengths of the lines in its characteristic spectrum. The 
corpuscles in an atom may also be set in vibration if the 
atom is bombarded by the free corpuscles which move with 
high velocities in the heated ionized gas. The collisions 

* See p. 258. 
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between molecules in a gas are apparently too soft to set the 
intra-atomic corpuscles into vibration, even though the gas 
be heated to the highest temperature we can command. 
According to Mr. Jeans, the intra-molecular vibrations are 
not appreciably excited if the duration of molecular collision 
(1. e., the time during which two molecules remain in contact 
or within each other’s sphere of influence during collision) 
is long in comparison with the periods of the intra-molecular 
vibrations, though if the duration of collision is comparable 
with the periods of these vibrations the intra-atomic cor- 
puscles will be set into vibration by these molecular collisions*. 
The duration of molecular collisions is dependent upon the 
velocity with which the molecules approach one another ; 
the higher the velocity the less time they remain in contact 
during collision. The mean velocity of the molecules is 
approximately proportional to the square root of the absolute 
temperature, and the duration of molecular collisions there- 
fore decreases as the temperature of the gas is increased. 
Therefore, according to this theory, at extremely high tem- 
peratures the duration of molecular collisions may be short 
enough to excite the intra-molecular vibrations which give 
rise to the characteristic spectrum, and the emission of the 
characteristic spectrum would then be thermal in origin. 
In the case of an ionized gas, however, the free corpuscles, 
which possess a very small mass, would have a much higher 
velocity than the heavier molecules, and the duration of 
collision between a molecule and free corpuscle seems to be 
short enough to shake the intra-atomic corpuscles into 
vibration, at any rate when the gas temperature is in the 


neighbourhood of 1000° C. 


The Emission of Infra-red Radiation by Gases. 


The molecules of some gases possess vibrations of much 
lower frequencies than those corresponding to luminous 
radiation (which is of wave-length from ‘3 4 to ‘7 ). Car- 
bonic acid gas and steam emit radiation of much greater 
wave-length than that of luminous radiation. Carbonic acid 
gas has emission and absorption bands whose maxima are at 
2°8 wp, 4:4 w, and 14:1 w approximately, and water-vapour has 
a series of bands throughout the whole of the infra-red 
region, the first band (and the one possessing most energy) 
being in the neighbourhood of 2°8y. Paschen{ in 1894 

* Jeans, ‘Dynamical Theory of Gases,’ Camb. Univ. Press, chapt. ix. 


+ ‘Die Emission der Gase,’ Wied. Ann. 1. p. 409 (1898); li. p. 1 
(1894) ; and lii. p. 209 (1894). 
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investigated the infra-red emission spectrum of CQO, and 
water-vapour. He heated CO, in a metal tube with open 
ends and found that between 150° and 560° C. the intensity 
of the emitted radiation of wave-length 4:4 w from a 7 cm. 
thickness of gas is only a little below that of a black body 
atthe same temperature. He concludes from his experiments 
that CO, and water-vapour have a true temperature emission. 
These experiments will be criticized later. But if, for the 
moment, we assume that Paschen’s experiments do con- 
clusively prove that these gases have a true temperature 
emission, the theory sketched above leads us to assume that 
the duration of molecular collisions when these gases are at 
150° C. is short enough for the intra-molecular vibrations 
giving rise to infra-red radiation to be excited during mole- 
cular collisions, though the collisions are too soft at this 
temperature to excite the higher-frequency vibrations which 
give rise to luminous and ultra-violet radiation. 

When a gas is heated infra-red radiation is first emitted 
{provided, of course, the internal parts of its molecules are 
capable of executing low-frequency vibrations like those of 
CO, and water-vapour *) and, according to the above theory, 
if the gas could be raised to a sufficiently high temperature 
(which would probably have to be much greater than that 
which we can command in a laboratory) luminous and ultra- 
violet radiation would be emitted. This is exactly what 
happens in the case of a solid body when it is heated : at low 
temperatures only infra-red radiation is emitted, but when 
the temperature is raised the solid body begins to glow. 

In the ease of a hot ionized gas containing CO, and water- 
vapour (e. g., Bunsen flame) the radiation may be divided up 
into three parts. First, the negative ions which exist at 
high temperatures as free corpusclest are retarded and 
accelerated during collisions, and pulses will therefore be 
emitted along the Faraday tubes attached to them. This 
would give rise toa continuous spectrum in the way described 
when dealing with the radiation from solid bodies. This 
part of the radiation would obey the Stefan-Boltzmann fourth 
power law if the amount of ionization did not vary with the 
temperature. But in all probability ionization is a function 
of the temperature, and the radiation due to the retardation 
and acceleration of the negative ions would then increase at 
a greater rate than that given by the fourth power law. 


* Very few gases seem to emit thermal radiation. The most im- 
‘portant, from an engineering point of view, are CO, and water vapour. 
‘The thermal radiation from air seems to be very small. 

+ J.J. Thomson, ‘ Engineering,’ April 3, 1908, p. 447. 
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The energy in this part of the radiation is, however, generally 
small, for the number of negative ions is generally only a 
small proportion of the number of molecules in the gas *. 
The second part of the radiation is luminescence. It is due 
to the shaking up of the intra-atomic corpuscles by ionic 
bombardment, and also by ionization and recombination, 
which is continually going on as explained above. The 
energy in this part of the radiation is also generally small. 
The third part is the thermal radiation which is emitted if 
the molecules possess low-frequency vibrations like those of 
CO, and water-vapour. The emission of this infra-red radia- 
tion may be due to molecular collisions or ionic bombardment 
of the molecules. The energy in this part of the radiation 
may be very considerable. 


Paschen’s Experiments, 


Paschen, as we mentioned above, heated CO, in a metal 
tube with open ends, and measured the radiation emitted by 
the hot gas by means of a bolometer. The arrangement of 
his apparatus was somewhat as shown in fig. 1, but the rock- 
salt prism used to disperse the radiation is “not shown. The 


bolometer at B does not “see” any part of the hot tube, it 

‘sees”” only a small cone N of the gas through the small 
aperture at A. The emission from the gas was Measured at 
various temperatures between 150° C. and 500° C., and after 
passing it through a rock-salt prism he found that the radia- 
tion of wave-length 4:4 w emitted by a thickness of 7 em. of 
gas was only a little below that of a black body at the same 
temperature. He concluded that COQ, has a pure temperature 
emission—that the intra-molecular vibrations are excited 
during molecular collisions. The writer doubts whether: 
this conclusion drawn from these experiments is justifiable. 


* In a metal, on the other hand, the number of free corpuscles is: 
comparable w ith the number of atoms it contains. 
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The hot walls of the metal tube emit radiation of all wave- 
lengths, and some of this is absorbed by the CO.—viz. that 
of wave-length in the neighbourhood of 2°8 yw, 4:4 4%, and 
14-1. This absorption by the gas goes primarily to excite 
the low-frequency vibrations of its molecules corresponding 
to radiation of these wave-lengths, and these vibrations 
cause radiation of the same wave-lengths to be emitted in 
all directions. Some of this will reach the bolometer. 

To make this clear imagine a molecule of CO, at some 
point P within the cone of gas seen by the bolometer. 
Radiation from all parts of the interior surface of the hot 
metal tube passes through P, but none of this radiation can 
reach the bolometer at B because the aperture at A was 
made small enough to prevent any part of the tube surface 
being seen by the bolometer. The internal parts of the CO, 
molecule at P will be set in vibration owing to the absorption 
of 2°8 w, 4:4, and 14:1 radiation. These intra-molecular 
vibrations give rise to the emission of radiation in all direc- 
tions*. Some of this obviously will reach the bolometer. 

Paschen also found the emission from CQ, just as it issued 
from a heated platinum tube, but in this case also the emission 
by the hot CO, may have been due to absorption of radiation 
from the hot solid body (the platinum tube) near it. It is 
not, therefore, possible to decide from these experiments 
whether the intra-molecular vibrations, which give rise to 
the emission by the hot COs, are excited by molecular col- 
lisions or by absorption of radiation from the hot metal walls. 
Tyndall’s experiments on the emission from adiabatically 
compressed CO,T give perhaps more satisfactory information 
on this point. The CO, was compressed in a glass tube with its 
ends closed by means of two rock-salt plates, and the emission 
measured by means of a thermopile. But even here it is 
conceivable that the emission by the gas is due to its absorbing 
radiation from the glass tubet, which, being a bad con- 
ductor of heat, would have its interior surface heated up 
very quickly to a temperature nearly equal to that of the 
gas, especially as it was in turbulent motion during 
compression. 


* Wood has detected lateral emission from sodium vapour when a 
beam of light from a sodium flame is sent through it. Also ef. curves 
in fig. 14 of paper “ Radiation in Explosions of Coal-gas and Air,” 
Phil. Trans. A. ccxi. p. 396. Lateral emission will explain why curve A 
lies above the curve OC, and the B above the D. . 

+ See Poynting and Thomson’s ‘Heat,’ p. 236 (1908 edition), 

} Glass is a good radiator in the infra-red region. 
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Discussion of further Work on the Emission of Infra-red 
Radiation from CO, and H,0. 

Most chemists seem to hold the view that a gas can only 
emit radiation (infra-red as well as luminous) when it is 
undergoing chemical or a quasi-chemical reaction* ; dis- 
ruption of molecules or violent combination are necessary 
according to them to excite the intra-molecular vibrations. 
R. von Helmholtz held the view that the radiation from a 
flame came mainly from molecules which had just been 
formed, and which are in a state of vigorous vibration. Ac- 
cording to this view the infra-red radiation emitted by flame, 
like the radiation of higher frequency which gives rise to 
luminosity, is due to violent chemical combination, and not 
to purely thermal causes. In support of his view R. von 
Helmholtz brings forward the experimental fact discovered 
by him that the radiation from a flame is diminished when 
the gas and air are heated before entering the burner, although 
the temperature of the flame must be higher. This he ex- 
plains as being due to the quicker approach to the state of 
equilibrium owing to the more frequent collisions of the 
freshly-formed compound molecules with their neighbours. 

Some experiments made by Prof. Hopkinson and the 
writer may be mentioned here t. They measured the radia- 
tion emitted during explosion and subsequent cooling of a 
mixture of cval-gas and air, and found that considerable 
radiation was emitted as the gaseous mixture cooled. The 
radiation emitted by the hot gaseous mixture was measured 
by means of a bolometer placed behind a fluorite window let 
into the walls of the explosion vessel. The result of an 
experiment made by the writer on a 10 per cent. mixture of 
Cambridge coal-gas and air exploded in a cylindrical cast- 
iron vessel 30 cm. in length and 30 cm. in diameter is shown 
in fig. 2. Curve P gives the mean gas temperature deduced 
from the pressure record (taken on a revolving photographic 
film by means of a Hopkinson optical indicator) by means 
of the gas equation pv=R@ after making allowance for the 
small contraction of volume which takes place during com- 
bustion. Curve B shows the heat received by radiation by 
the walls of the vessel (which were painted black) per sq. cm. 
of wall surface ; this curve was traced by a galvanometer 
whose deflexions were proportional to the rise of temperature 
of the bolometer. Both curves are to a time base, and were 
simultaneously recorded on the same photographic film. 

* In which case it is ionized. 


+ Hopkinson, Proc. Roy. Soc. A. vol. Ixxxiv. p. 155; David, Phil. 
Trans. A. vol. ccxi. p. 375. 
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Curve B’ is the differential of curve B, and shows the rate 
at which the gaseous mixture emits radiation at various times 
after ignition in calories per sq. cm. of wall surface per sec. 


Fig. 2. 
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It will be noticed that the emission is a maximum sometime 
during explosion, just before the gas temperature attains its 
maximum value. During this time chemical combustion is 
rapidly proceeding, and this must be to a very large extent 
responsible for the intensity of the emission at this point. 
It cannot be due wholly to temperature, for the emission is 
less at the moment of maximum gas temperature than at 
this point, and Prof. Hopkinson has shown that every part 
of the gaseous mixture has a higher temperature at the 
moment of maximum temperature than at any other time * 
It is possible that the violence of combustion causes a con- 
siderable part of the energy of combination to pass into the 
form of intra-molecular vibrations. Part of the energy in 
these vibrations is lost by radiation, but the greater part is 
converted into the two other kinds of molecular energy— 
rotational energy and translational or pressure energy. 
During the cooling of the gaseous mixture the emission is 
still very considerable, at any rate until the gas temperature 
has fallen to 1000° C. abs., and it seems highly probable that 
the emission during this time is mainly thermal in origin (7. e. 
that the molecular vibrations are for the most part excited 
during molecular collisions). It is difficult to believe that 
this Jarge emission is wholly due to continued combustion 
(or after burning). Mr. Dugald Clerk’s experiments seem 


* Roy. Soc, Proc, A. vol. Ixxvii. p. 389. 
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to prove definitely that all the gas has not entered into com- 
‘bination at the moment at which the gaseous mixture attains 
its maximum pressure and temperature ; but it seems hardly 
possible that the combustion proceeding after this time is 
sufficient to account for this large emission. Neither would 
it seem to be due to any large extent to dissociation and 
recombination of the CO, and water-vapour, for it seems 
very probable that the amount of dissociation of CO, and 
steam at temperatures under 2000° C. is very small. 

The increase of the specific heats of CO, and steam with 
temperature seems to give fairly reliable evidence that some 
of the intra-molecuiar vibrations of these gases are excited 
by molecular collisions. When a gas absorbs heat the trans- 
lational, rotational, and vibrational: energies of its molecules 
are increased. According to the Maxwell-Boltzmann law 
of equipartition of energy, the heat energy absorbed by a gas 
is equally distributed amongst the various degrees of free dom 
possessed by its molecules, or rather amongst those degrees 
of freedom which share in the heat motion of the molecules, 
and the specific heat of a gas is therefore proportional to the 
number of those degrees of freedom possessed by its mole- 
cules which share in the molecular heat motion. The number 
of translational and rotational degrees of freedom possessed 
by molecules must be independent of the temperature of the 
‘gas (unless the nature of the molecules changes with the 
temperature, in which case we should have a different gas 
or mixture of gases), but the number of the vibratory degrees 
of freedom of the molecules, which have energy given to 
them during collision, may vary with the temperature with- 
out affecting the composition of the gas. At any given 
stemperature the molecular collisions may be too soft to 
excite any but the very low-frequency vibrations which the 
molecules may possess ;. but as the temperature is raised the 
collisions become harder (2. ¢., the duration of collisions 
becomes smaller), and consequently vibrations of higher 
frequency may be excited*. The specific heat of a gas 
would also increase with temperature, even though only one 
type of vibration could be excited during collisions. The 


* Tt isnot supposed here that the very high-frequency vibrations giving 
rise to luminous radiation (which absorption spectra show to be very 
numerous) are excited by moiecular collisions as the gas-temperature is 
raised. The vibrations referred to are those only which give rise to infra- 
red variation. Itseems probable that the vibrations of CO: molecules cor- 
responding to radiation of wave-length 15u are excited by molecular 
collisions at ordinary temperatures, and that as the temperature of the 
CO, is raised the wiTaOns corresponding to 4'4 yw radiation, and later 
those corresponding to 2°8 » radiation; are excited during collisions. 
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duration of collision between pairs of molecules decreases as 
the velocity with which they approach one another increases, 
and since the velocities of the molecules of a gas at any 
temperature have widely different values (grouped about the 
mean according to the law of errors), the collisions between 
slowly moving pairs may be too soft to excite the vibrations 
within those molecules, but the collisions between the fast 
moving pairs may be short enough to excite their vibrations. 
As the temperature of the gas is raised the molecules will all 
move with greater velocities, with the result that the pro- 
portion of collisions soft as regards this type of vibration 
will be decreased, and the number of molecules which have 
their vibrations excited will therefore be increased. The 
specific heat will therefore increase, not suddenly, but 
gradually with the temperature, though, of course, the rate 
of increase will not be constant. It will be greatest at the 
temperature at which the mean molecular velocity is just 
great enough to make the duration of collisions short enough 
to excite the vibrations, for the proportion of molecules 
moving with the mean velocity is far greater than the pro- 
portion of molecules moving with other velocities. 


Infra-red Spectrum of the Bunsen Flame. 


Julius made a very complete analysis of the infra-red 
emission from various kinds of flame. He examined the 
spectrum of the flame by means of a rock-salt prism, and 
found that in all flames producing both CO, and water-vapour 
that the infra-red spectrum consisted of two emission bands 
whose maxima are at 2°83 wand 44y*. Of these the 4:4 u 
band was considerably stronger than the 2°8 w band. The 
4°44 band is absent from the spectrum of a pure hydrogen 
flame, but it contains the 2°8 ~ band; while the spectrum of 
a pure CO flame contains both the 2°8 w and 4°4 w bands, 
but the 2°8 band is very weak. Infra-red flame spectra 
seem to be independent of the nature of the combustible 
gas ; they depend solely on the products of combustion. 

Paschen found that the 4:4 ~ emission band of CO, has its 
maximum shifted towards the long wave-lengths with rise of 
temperature}, the maximum being at 4°27 at 17° C. 


* There is also a small emission band in the neighbourhood of 14 » due 
to CO, (corresponding to the absorption band of ‘cold CO, in the neigh- 
bourhood of 15 ), but the energy in this band at the ‘temperature of 
the Bunsen flame is small in comparison with the energy in the 2°8 » and 
AA bands. . 

+ The emission band of CO, in the neighbourhood of 14, shift 
towards the short wave-lengths with rise of temperature, as is usual. 
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(absorption), 4°3 w at 600° C., 4°388 w at 1000° C., and 4°4 
at the temperature of the Bunsen flame. Coblentz has con- 
firmed this, and finds that in the are the maximum goes up 
to 4°55. This shift is most peculiar, and Coblentz com- 
menting on it says: “ Since the absorption band of COQ, is 
at 4°3 w and that of CO is at 4°6 yw, if the emission band is 
due to a pure thermal effect, then one would expect to find 
that with rise of temperature and the consequent dissociation 
of CO, into CO the maximum of the emission band of CO, 
will shift towards that of CO.” It is interesting to notice 
in this connexion that the maxima of the emission bands of 
both CO and CO, are at the same point, viz. 4°75 mw, in a 
vacuum-tube*. Coblentz believes that this is due to the 
dissociation of CO,. It may be mentioned that the intensity 
of the CO emission band from the vacuum-tube is much 
greater than that of CO, for all pressures. 

R. von Helmholtz made some very interesting experiments. 
on the radiation from hydrogen, CO, marsh-gas, ethylene, 
and coal-gas flames. He found that CO, produced in the 
CO flame emitted about 2°4 times as strongly as an equal 
volume of water-vapour produced in a hydrogen flame, and 
shows that this ratio is preserved in the other flames whose 
products of combustion consist of CO, and water-vapour. 
The flames in these experiments were just rendered non- 
luminous by adjusting the air supply, and the temperatures. 
of all of them were probably pretty much the same. A 
rough analysis of the radiation from a mixture of coal-gas. 
and air after explosion made by the writer supports this 
result. He measured the emission from identical gaseous. 
mixtures first through a fluorite window, and secondly through 
a quartz window+. ‘The fluorite transmits practically all the 
radiation emitted by the hot gaseous mixture, which contained 
about 8°5 per cent. of CO, and 20 per cent. of water-vapour,. 
while the quartz cuts off practically all the radiation from 
CO, and transmits about 65 per cent. of that from water- 
vapour. The radiation from the gaseous mixture transmitted 
by the quartz window was about 50 per cent. of that trans- 
mitted by the fluorite, and the CO, therefore emitted about. 
twice as strongly as an equal volume of water-vapour at the 
same temperature. 


Theoretical. 


Some experiments made by the writer show that the 
intrinsic radiance from thicknesses of gas containing the 


* Coblentz, ‘ Investigations of Infra-red Spectra,’ Part II. p. 318. 
+ Phil. Trans. A. vol. ccxi. p. 388. 
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same number and kind of radiating molecules does not depend 
upon the temperature alone, even after correcting the radia- 
tion for absorption. This implies that the vibratory energy 
which gives rise to the radiation is not solely dependent upon 
the gas temperature (which is proportional to the translational 
energy). Itseems to depend upon the lateral dimensions and 
density of the gas as well”. An explanation in terms of the 
kinetic theory of gases which has been suggested by the 
writer to account for this may be briefly stated thus :—A 
molecule as it describes its free-path loses energy owing to 
the emission of radiation and gains energy owing to the 
absorption of radiation energy from the ether{. The rate at 
which it emits radiation is a function of its vibratory energy, 
say &(V), and the rate at which it absorbs energy is a 
function of the density of radiation energy in the ether, say 
¢(E). During the free-path, therefore, 


dV 
Pata a es 


and the vibratory energy, V, will increase or decrease 
according as the rate of absorption of energy, (BH), is 
greater or less than the rate of emission of radiation, &(V). 
During collision with another molecule there will be a trans- 
ference of energy between the vibratory degrees of freedom 
and the rotational and translational degrees of freedom, and 
the vibratory energy of the molecule will tend to take up 
during this time a value, which we will call Vo, such that 
the energy in each of the vibratory degrees of freedom 
equals that in each of the translational and rotational degrees 
of freedom. During collision, therefore, the vibratory energy 
of the molecules will tend to take up a value which is pro- 
portional to the absolute temperature of the gas, but during 
the free-path there will be a considerable departure from 
this value if the density of radiation energy in the ether is 
above or below a certain value, and the time of description 
of free-path is not very short. If 7 is the time of de- 
scription of free-path the gain in the vibratory energy, V, 


* Phil. Trans. A. vol. ccxi. (1911) pp. 402 & 406. 

+ The molecule gains energy from the ether in two ways :—(i.) The 
absorption of energy by its vibratory degrees of freedom, and (ii.) a 
direct transfer to its translational degrees of freedom due to the pressure 
of radiation. Of these (ii.) is possibly small in comparison with (i.) in 
the case of thermal radiation from carbonic acid gas and steam, and is 
neglected in this discussion. 

T 2 
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8V= { "[$(B) EV) Jat, 


and the average value of V over a time 7 is roughly 
V= Va + éV/2, 


where V, is the vibratory energy possessed by the molecule 
as it enters on its free-path, that is, immediately at the end 
of collision. If the transference of energy during collision 
is exceedingly rapid (as it probably is in the case of the low- 
frequency vibrations of carbonic acid gas and steam mole- 
cules*) V, will approach the value Vy. But if the rate of 
transfer of energy is not sufficiently rapid to reduce V to Vo 
at the end of a single collision, it will be obvious that the 
greater the departure of V from V, before collision the greater 
will be the departure of V, from Vo after collision. In 
either case V will be appreciably different from Vo (which 
is proportional to the absolute temperature of the gas) if the 
gain of vibratory energy, 6V, during the free-path is 
appreciable. 

From this theory it appears that at any given gas tempe- 
rature the greater the gain of vibratory energy during the 
-free-path the greater will be the average vibratory energy of 
the molecules, and therefore of the radiating power of the 
gas; and that, other things being the same, 

(i.) the greater the density of radiation energy in the 
eether (which depends among other things upon the 
transparency and volume—or virtual volume—of 
the gas) the greater will be the radiating power of 
the gas ; | 

and (ii.) the smaller the time of description of free-path 
(or, in other words, the greater the density of the 
gas) the nearer will the average vibratory energy of 
the molecules approach a value which is proportional 
to the absolute temperature of the gas. In a very 
dense gas, therefore, as in the case of solids and 
liquids, the radiation would depend on the tempe- 
rature alone. 

The radiating power of a gas which emits thermal radiation 
thus appears to be a function of the absolute temperature of 
the gas, the value of the density of radiation energy in the 
ether, the rate at which the molecules emit radiation, the 
time of description of free-path (inversely as the density 
of the gas), and the rate of partitioning of energy during 


collisions. 
* Phil. Trans, A. vol. ccxi. (1911), footnote p. 409. 
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Conclusion. 


In this paper the writer has briefly reviewed and criticized 
the experimental work which has been done on the emission 
of thermal radiation from hot gases. Probable theories of 
the origin of radiation from gases have also been dealt with. 
The question as to whether a hot gas can emit radiation in 
virtue of its temperature alone has been rather fully dis- 
cussed, and, although it is impossible to settle this question 
definitely until further experimental work has been done, it 
seems highly probable that the low-frequency vibrations of. 
CO, and water-vapour giving rise to infra-red radiation are 
excited by molecular collisions. Paschen’s experiments on 
the emission from hot CO, and water-vapour have been 
looked upon as affording conclusive evidence that molecular 
collisions excite the low-frequency intra-molecular vibrations 
of these gases, but the writer shows that in these experiments 
the absorption of radiation from the hot tube walls might be 
wholly responsible for the exciting of these vibrations. The 
writer believes that this question could be definitely settled 
by experiments such as the following :-— 

(i.) By measuring the emission (if any) from a gas like 
CO, heated by adiabatic compression during com- 
pression and subsequent cooling. Many of the ex- 
periments made by the writer* on the radiation 
emitted in explosions of coal-gas and air might with 
advantage be repeated, imitating the explosicn by 
adiabatic compression ; 

(ii.) By measuring the rise of pressure (if any) or tempe- 
rature of CQ, when it is absorbing radiation at a 
known rate t+. 


Some experiments by Prof. Hopkinson and the writer are 
of interest in this connexion. Hopkinson finds a greater 
maximum pressure and a slower rate of cooling of a gaseous 
mixture after explosion when the walls of the explosion 
vessel are reflecting than when they are blackt; and the 
writer finds that the radiation emitted from a certain thickness 
of the gaseous mixture is greater when the walls of the vessel 
are reflecting than when they are black§. The most natural 
interpretation of these experiments is that the radiation 


* See Phil. Trans. A. vol. cexi. pp. 375-410. 

+ The air is warmed by sunlight, but air has no marked absorption 
bands, and in this case it is believed that the transfer of energy is direct 
from the ether to the translational degrees of freedom owing to the 
pressure of radiation. (See Jeans’s‘ Dynamical Theory of Gases,’ p. 212.) 

¢ Proc. Roy. Soc. A. vol. lxxxiv. p. 155. 

§ Phil. Trans. A. vol. cexi. p. 394. 
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reflected back into the gaseous mixture from the polished 
walls goes primarily to increase the energy in the vibratory 
degrees of freedom of the molecules, and that this excess is 
then partitioned off into the translational and rotational 
degrees during molecular collisions. 


The writer desires to tender his thanks to Prof. Hopkinson, 
to whom he is greatly indebted for so much kindly advice 
and valuable criticism upon the main suggestions made in 


this paper. 


XXXII. The Disintegration of Metals at High Temperatures. 
Condensation Nuclei from Hot Wires. By Josuru H. T. 
Roserts, M.Se., Oliver Lodge Prizeman; late Isaac 
Roberts Scholar ; Oliver Lodge Research Fellow in Phystes 
wn the University of Liverpool *. 
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Introductory. 


N a letter to ‘ Nature,’ August 29th}, the writer gave a 
brief account of experiments upon the disintegration of 
metals, more particularly the platinum metals, and put 
forward the theory, with a short account of evidence to 
support it, that the disintegration of the platinum metals was 
due to direct oxidation. The following paper contains an 
account of the continuation of those experiments, and shows 
how the results provide further evidence in support of the 
same view. Throughout this paper the word disintegration 
simply means loss of weight ; it is not intended to convey 
any theory as to the manner of the loss. 

The disintegration of platinum and iridium is a phenomenon 
which cannot have escaped the notice of users of platinum 
pyrometers, and platinum and iridium furnaces. Many 
direct experiments have been performed by different investi- 
gators upon the loss of weight of wires of the platinum 
metals in different gases; as a result of these experiments, 
the great influence of oxygen upon the rate of disintegration 
has long been recognized, but in view of the very general 
opinion of scientists (in some cases clearly expressed {) that 
platinum does not, under any circumstances, combine 
directly with oxygen, there has been a diffidence in 
suggesting that the influence of the oxygen is other than 


* Communicated by the Author. 


+ This letter was also reproduced and discussed by ‘ Engineering,’ 
October 25, 1912, p. 577. 
t Deville and Debray, Comptes Rendus, 1878, vol. 1xxxvii. p. 441. 
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catalytic. There are in addition, moreover, certain experi- 
mental facts which at first sight appear to militate against 
a theory that the disintegration is due to direct oxidation :— 

1. No matter how much a platinum wire is heated it 
remains clean and bright. 

. Under certain conditions (along the edge of the 
platinum strip in a resistance furnace) platinum 
crystals may be formed ; this would seem to point to 
volatilization of the metal. 

3. Under some circumstances the rate of disintegration is 
more rapid in the early heatings than in the later 
ones. Since the platinum metals absorb hydrogen 
readily, this might seem to be due entirely to the 
loss of weight of hydrogen ; or again, since platinum 
in a finely divided state is black, the black deposits 
on the walls of a (comparatively cool) vessel con- 
taining a glowing platinum wire might be thought to 
be due to the spontaneous emission of minute metallic 
particles from the wire, or to such particles being 
detached by the escaping gas. 

4, Since the platinum metals absorb other gases, such as 
oxygen, to a certain extent, hydrogen and oxygen 
might form explosive mixtures in minute cells near 
the surface of the metal, and on heating the metal 
the explosions might cause particles of metal to be 
ejected. This is the view of two French scientists *. 
I do not think, however, that this is likely to be the 
true explanation of the phenomenon. 


The disintegration of the platinum metals has been 
investigated gravimetrically by Berliner f, Elster and 
Geitel f, Nahrwold §, Stewart ||, Holborn and Austin , 
and Sir W. Crookes **, who have shown that :— 

1. The amount of disintegration in a given time at a 

given temperature diminishes after prolonged heating. 

2. If, however, wires of pure metals are used, there is no 
diminution in the rate of disintegration (Holborn 
and Austin, and Crookes). 

3. The disintegration is practically zero in the absence of 
oxygen. "Tn the case of palladium, however, the 
disintegration increases with diminution of pressure 
of surrounding gas. 


a 


* Reboul and Bollemont, Jowrnal de Physique, July 1912. 

+ Berliner, { Elster and ‘Geitel, § Nahrwold, Wied. Ann. 1887, 1888. 
|| Stewart, Phil. Mag. 1889. 

q Holborn and Austin, Phil. Mag. 1904. 

** Crookes, Proc. Roy. Soc. , May 1912. 
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The more rapid disintegration in the early stages is due to: 
the small quantities of iridium which are usually present in 
commercial platinum. Iridium disintegrates much more 
rapidly than platinum. 


EHapansion Method of Detecting Disintegration. 

The disintegrated particles serve as centres for the con- ° 
densation of water vapour, as was found by Aitken*. The 
emission of particles is certainly complicated with the 
emission of positive and negative ions. That the electric 
charges are not carried entirely by the particles is now well 
known f. It has been suggested by Child f that so far from 
carrying the charges the particles load them up, and so 
hinder their motion. Though this effect may exist, it cannot 
be to any important degree, for I have found that the 
passing of hot-wire nuclei through a strong electric field 
on their way to the expansion chamber is entirely without 
detectable effect. 

As the super-saturation of water-vapour is an extremely 
delicate test for the presence of particles, | have used this 
method to investigate the minimum temperature at which 
disintegration begins. As a proof of its superiority over 
weighing methods, it may be mentioned that Sir W. Crookes 
was unable to detect the slightest loss of weight in a platinum 
crucible kept for 20 hours at 900°C.; on repeating the 
experiment with a platinum wire, I was unable to detect 
any alteration of weight after 13 hours at 650° C. On 
inserting the wire in the nuclei-chamber, and heating by 
means of the same current for two seconds, a dense cloud 
was obtained at expansion of 1°15, showing that the wire 
was disintegrating. This result is confirmed by tests under 
various circumstances. 


Condensation Nuclei from Hot Wires. 


Apparatus.—The general form of the apparatus is shown 
in fig. 1. The experimental wire W was not placed in the 
expansion chamber G, but in a separate nuclei-chamber C, 
so that no water-drops could fall on it ; experiments could 
be performed with the wire in different gases and in a 
vacuum; the wire was supported in two platinum electrodes, 
PP, 2 mm. diameter and 10 em. long. The temperature 
of the hottest part of the wire was determined by means of 
a platinum platinum-rhodium thermocouple, the wires being 

* Aitken, Trans. R.S. EH. 1888. 


+ J. J. Thomson, ‘ Conduction through Gases,’ 1903, p. 184. 
t Child, Phys. Rev. 1902. 
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00013 inch diam. The two thermocouple wires do not lie 
across the wire W exactly at right angles to its axis, and as 
the drop of potential in the wire W is considerable there is 
an H}.M.F. introduced between the thermocouple wires on 
this account. Consequently direct current was not used ; 
the wire was heated by the current developed from an 
alternator and transformer set. 


= OS FPA eA tte ese 


Tmmediately after a set of observations, an alternative 
thermocouple of the same wires, and on a circuit of the same 
total resistance, was calibrated at the temperatures of boiling 
water, oil at different temperatures, boiling mercury, melting 
Na,SO, and K,SO, and melting platinum. In order to 
prevent slight variations of the temperature of the wire W, 
the resistances in series with it were immersed in oil ; this 
was found to work very satisfactorily ; the temperature 
could be adjusted with considerable accuracy and remained 
constant. 

On their way to the expansion chamber, the nuclei passed 
through the annular space, 2 mm. wide, between two brass 
tubes EH, insulated from one another, the outer one earthed 
and the inner one at —230 volts. The nuclei were tested 
with the field on and off, and with the tubes E present and 
absent ; it was never found, however, that the tubes required 
to be removed, as they offered no mechanical difficulty to 
the passage of the nuclei. He aes 
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The expansion apparatus was of the ordinary Wilson 
type *. It was, however, fired by means of a trigger which 
was worked electromagnetically, so that all expansions could 
be relied upon as being of the same degree of suddenness. 

The tap B enabled the apparatus to be put into com- 
munication with a Gaede rotatory mercury pump, or with a 
source of nuclei-free air. The simple device A is worth 
bringing to the notice of persons using expansion apparatus. 
It consists of a bottle of 2 litres capacity, very carefully 
sealed round the stopper, and having a tube 2 cm. diameter, 
fairly loosely packed with cotton-wool soaked with glycerine, 
passing through and dipping into glycerine at the bottom. — 
As will be seen later, in the description of the nuclei 
obtained in a vacuum, it was necessary, after the nuclei- 
chamber C was evacuated, to have it filled instantly with 
nuclei-free air ; this was impossible with the ordinary cotton- 
wool plug. After the reservoir A has been in use a few 
days, the air drawn from it can be subjected to an expansion 
of 1:20 without a single drop being seen; the writer has 
never found this to be possible with a cotton-wool plug, 
except at great waste of time. 

The method of making a test of the nuclei was as 
follows :—The tap F being closed, the expansion chamber G 
was pumped down to a pressure much lower than that 
required for the pressure drop of the expansion ; H was 
then closed, and the pressure in © having been adjusted, the 
wire was heated. When the heating current was cut off, 
© was put into communication with A, B was closed, and 
F was opened, with the result that a puff of gas went from 
© to G. 

Eaperiments—When the experiments upon the nuclei 
from hot wires were first begun, it was found impossible to 
obtain consistent results. The temperature required to give 
nuclei of a definite size, for example, or the minimum 
temperature at which the emission of nuclei could be 
detected, was extremely variable, and the behaviour of the 
wire after treatment in various gases, for various intervals 
of time, and at various temperatures, seemed to be entirely 
capricious. After a considerable amount of preliminary 
work, it was decided to keep the wire in air, and to try the 
variation of the effects with time, no variation being made 
in the conditions, other than that of heating up the wire to 
make the tests. 

In the earlier stages of the work, when the conditions 
under which the wire was placed were varied somewhat at 


* C. T, R, Wilson, Phil. Trans. A. 1897 ; A. 1899. 
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random, the temperature required to produce nuclei of a 
definite size, say, was found to depend very much upon the 
recent treatment of the wire. When the conditions were 
varied on more definite lines, as, for example, when the wire 
was kept in air with no variation other than was incidental 
to testing, it was found that the temperature required to 
produce nuclei of a definite size depended upon the length 
of time since the commencement of the experiments. Thus 
there are two well-marked conditions governing the pro- 
duction of nuclei :— 


1. The recent history of the wire previous to the 
commencement of the experiments. 

2. The length of time since the commencement of the 
experiments. 


Tf the wire had been standing in air, and had not been 
heated for some hours or days, a comparatively low 
temperature was all that was required to produce nuclei of 
a definite size. If, however, the wire had just been heated, 
then a second heating to the same temperature would 
produce practically nothing, for this definite expansion ; a 
little higher temperature would again produce nuclei, a 
second heating at this new temperature would give practically 
nothing, but a little higher temperature would again give 
nuclei, and so on. Hventually a temperature would be 
reached at which nuclei could be produced time after time. 

For simplicity it may be stated at once that there are two 
sets of nuclei: the first set, which are got rid of after 
continuous experimenting, depend upon the presence of 
hydrogen and other gases in the wire; the second set 
depend upon the presence of oxygen round the wire: below 
a certain temperature the second set are never obtained ; 
above this temperature they are always obtained in the 
presence, but never in the absence, of oxygen. 

If the wire were left until the following day similar 
results were again obtained, beginning, however, at a 
somewhat higher temperature than the previous initial 
temperature, and ending at a slightly higher temperature 
than the previous final temperature. This effect was very 
marked in the earlier stages of the work, and decreased 
gradually until, after about six weeks’ experimenting, it 
became inappreciable. At the same time that this variability 
dies away, the upper temperature, that is, the minimum 
temperature, for a given occasion, at which nuclei can be 
produced repeatedly, attains a limit from which it never 
afterwards departs, provided that hydrogen is carefully 
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excluded from the vicinity of the wire ; the same precaution 
prevents the recurrence of the variations described. The 
curves shown in fig. 2 give an idea of the nature of these 
variations. Fig. 2a is for commercial platinum; fig. 26 
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for pure platinum. Various other metals were tried, in- 
cluding palladium, rhodium, iridium, and ruthenium. All 
these metals were found to give nuclei in air and oxygen, 
but not (eventually) in a vacuum. 


Relation between Temperature of Wire and Size of Nuclei*. 
Experiments were made in order to see how the size of 
the nuclei given out depended upon the temperature, for a 


* It has been shown by G. Owen (Phil. Mag. 1903) that nuclei are 
emitted from platinum wires at very low temperatures ; that the size of 
the nuclei increases with rise of temperature ; that nuclei are not 
produced in hydrogen below 1000° C.; and that the nuclei are un- 
charged. 
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given pressure, in air. Numerous sets of observations were 
taken ; it is extremely difficult to get the effects definitely 


marked, but the curve in fig. 3 shows the chief features of 


EXPANSIONS. 


the results which were always obtained. Fig. 3 represents 
the relation between the temperatures and the minimum 
expansions required to catch the nuclei given out at those 
temperatures, for a pure platinum wire containing hydrogen, 
that is, for a wire whose behaviour is represented by fig. 2 0. 
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It is noticed from the curve that :— 


1. No nuclei are obtained at a temperature below 350° C. 

in air at atmospheric pressure. 

2. The nuclei caught at this temperature are of a maximum 
size represented by an expansion of 1°119 and a 
minimum represented by an expansion of 1:152, and 
higher expansions beyond 1°152 do not produce any 
more drops. 

. As the temperature is raised, nuclei of the same size, 
and of larger sizes, are produced. 

. Ata temperature of about 500° C., in addition to the 
nuclei caught with expansions between 1°02 and 17152, 
other nuclei begin to be produced, which are first 
caught at 1°188, but when the wire has reached a 
temperature of about 600° C. they are caught by an 
expansion of 1-016. 

. No matter how hot the wire is made, no nuclei are 
caught by an expansion of 1°014. 
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After some little experience, the difference between the 
two kinds of nuclei is very easily observable: the nuclei 
produced from 350° C. onwards are very easily got rid of; 
they diminish in size very rapidly after their production, and 
will entirely disappear in less than five minutes; they can 
be preserved to some extent, however, by causing con- 
densation of water-vapour to take place upon them. The 
nuclei which begin to be produced at about 500° C., however, 
are very persistent, and they do not alter in size. 

The nuclei represented by the portion ACD, fig. 3, are 
the ones which are got rid of after many weeks of experi- 
menting ; thus a wire whose condition was represented by 
the part E of curve, fig. 2, would give the curve BDH, fig. 3, 
the portion ACD being absent. 

If a wire which has been got into the condition represented 
by BDH, fig.3, and by the part H, fig. 2,is heated and 
cooled in hydrogen, the wire goes back to its original con- 
dition, represented by the whole of fig. 3 and by F, fig. 2, 
and on repeated heatings all the variations there represented 
are gone through as before. No treatment with any other 
gas, or in any other way, has the effect of bringing back the 
variations represented by fig. 2. 


Relation between Pressure of Air and Size of Nuclei. 


Fig. 4 shows the results of experiments upon the relation 
between the pressure of the air round the wire, and the size 
of the nuclei produced, for different temperatures. The 
curve for a temperature of 320° C. is AB, the curve for 600° C. 
is FGE together with two points practically on AB, while 
the curve for 1650° C.is CDH, together with ene point 
on AB. By comparing fig. 4 with fig. 3 it will be seen that 
the first set of nuclei are obtained at 320° C. and expansion 
of 1:041 as against 340° C. and expansion 1°119 at atmo- 
spheric pressure, and that the expansion required increases, 
that is, the size of the nuclei decreases, as the pressure of the 
surrounding gas increases. At 600°C. none of the second 
set of nuclei are produced when the air is at a pressure below 
5 em.; two points corresponding to the first set of nuclei 
lie on AB, showing that the temperature is of less importance 
than the pressure in determining the size of these first 
nuclei. At5 cm. pressure the second set begin at expansion 
1:188 and rapidly increase in size with increase of pressure. 

At 1650° C. there is one point on AB at a pressure of 
1 cm.: the second set of nuclei are produced at a pressure 
of 1°5 cm., and require an expansion of 1°188 to catch them ; 
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they rapidly increase in size with increase of pressure, until 
at 2°5 cm. pressure they are caught with expansions of 1:016. 


40 
PRESSURES (CM. MERCURY) 


Before discussing the nature of these nuclei, let us con- 
sider the effect of heating the wire in the highest vacuum, as 
it was in this way that the existence of two different sets of 
nuclei was first detected. We have seen that the first set of - 
nuclei are got rid of after prolonged experimenting, while 
the second set are never got rid of in air. The experiments 
upon the heating of a wire in a vacuum were conducted as 
follows :—The chamber C was pumped out to a high vacuum 
by means of a Gaede pump ; B was closed and the wire was 
heated. The heating current was then shut off, and the 
moment the wire lost its colour B was reversed, with the 
result that C was instantly filled with nuclei-free air at 
atmospheric pressure. 

For simplicity we will anticipate the results by assuming 
that the platinum wire has been well soaked in hydrogen. 
On heating in a vacuum, large nuclei caught by expansions 
of 1:027 are produced at very low temperatures ; in some 
cases nuclei were detected after the wire had been raised to 
a temperature between 150° C. and 200° C. After one or 
two heatings at any temperature, no more nuclei are obtained 
for that temperature, but nuclei will be given for a higher 
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temperature and so on, and eventually no more will be given, 
no matter how high the temperature may be raised. If the 
wire be now left for a few hours in the vacuum, nuclei 
will be again obtained on heating to a temperature very 
little higher than the previous initial temperature, and after 
successive heatings the wire will again cease to give nuclei at 
any temperature. In other words, the behaviour of thesenuclei 
is exactly the same as the behaviour of what we have called 
the first set of nuclei obtained in air. They are ultimately 
got rid of entirely, the only difference being that by the use 
of the vacuum the emission of these nuclei can be prevented 
after about three days’ experimenting, whereas in gases 
(excluding hydrogen) at atmospheric pressure it takes several 
weeks to attain this result. 

Suppose a platinum wire has been heated repeatedly in a 
vacuum until the first set of nuclei have been entirely got 
rid of, then the wire can be left, heated or cold, in a vacuum 
for an indefinite period, or it can be left for an indefinite 
period, heated or cold, in air, nitrogen, or oxygen at any 
pressure, and on again testing In a vacuum no nuclei will be 
obtained at any temperature. Thus we see that in the pro- 
duction of the first set of nuclei the action of the hydrogen is 
unique. 

If a wire which has ceased to give nuclei in a vacuum is 
now tested in air or oxygen, it is found that the first set of 
nuclei are entirely absent, thatis, the behaviour indicated by 
fiy. 2 is not observed ; the second set of nuclei begin at the 
usual temperature, about 500° C., and increase in size as the 
temperature is raised. 

We see, then, that the wire is capable of emitting two 
kinds of nuclei, in addition to the positive and negative ions. 
‘One set of nuclei depends upon the presence of hydrogen in 
the wire, and the other upon the presence of oxygen round 
the wire. In working with the expansion apparatus it is 
quite easy to tell which nuclei are being dealt with ; the first 
set of nuclei rapidly diminish in size, and disappear in two 
or three minutes after their production, but last longer if 
condensation of water-vapour has taken place upon them 
than otherwise ; in general, they are not so great in number, 
at any rate by the time the expansion takes place, as are the 
oxygen nuclei ; the latter nuclei are very great in number, 
except at the temperature at which they just begin to be 
produced; they are of a fairly definite maximum size for 
each temperature, and of smaller sizes in addition, as can be 
‘shown by following up with higher expansions ; and they are 
-extremelv persistent. 
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Tests were made upon hydrogen-free wires, and it was 

found that the minimum temperature at which the second 
nuclei began to be produced was not altered, but that the 
nuclei produced at that temperature were more numerous in 
the oxygen than in the air. 


Nuclei in Pure Electrolytic Hydrogen. 


At a bright yellow heat a small shower was obtained in 
hydrogen, doubtless formed upon nuclei of the first set pro- 
duced by the absorbed hydrogen. Before the introduction 
of the hydrogen, the wire had been hydrogen-free, according 
to the vacuum test. 


Nuclei in Nitrogen. 


If the nuclei depend upon hydrogen and oxygen re- 
spectively, no nuclei should be obtained when a hydrogen- 
free wire is heated in pure nitrogen. In view of the 
delicacy of the expansion method of ‘detecting particles, it is 
essential that the nitrogen be absolutely free from hydrogen 
and oxygen. Tor the tests in nitrogen a special form of 
nuclei-chamber was employed, containing two platinum 
wires, which were hydrogen-free according to the vacuum 
test, and could be heated independently. Atmospheric air 
was introduced into the apparatus through KOH, P,.O;, and 
-cotton-wool and glycerine tubes; by means of mercury 
reservoirs it was then passed to and fro through a tube of 
palladium asbestos, prepared according to the method of 
Winkler *, and the oxygen was finally combusted by bringing 
dry phosphorng, floating on the surface of the mercury, 
sufficiently near to one of the platinum wires, which was 
heated, to cause it to ignite. After the combustion was 
complete, the second wire was heated for a few minutes, and 
the whole apparatus was left until all nuclei must have 
disappeared ; the second wire was then heated to a white 
heat, and the expansion test made, expansion 1'188; a few 
drops only were seen. Considering the delicacy of the 
expansion method, this may be regarded as a zero effect; 
it is probable that the wire was not absolutely hydrogen- 
_ free, and that in a vacuum the very few nuclei were produced 
at the beginning of the heating and were lost before the end 
ot the heating; whereas when surrounded bya gas, as in the 
nitrogen tests, they would be much more likely to be caught. 


* Technical Gas Analysis. 
oh. Magoeoo. Volo25. No. l46. feb. 1913. U 
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The nuclei obtained in a vacuum from various platinum 
wires containing hydrogen were allowed to remain, in air 
at atmospheric pressure, in the nuclei-chamber, for various 
intervals of time before the expansion was made. Hxperi- 
ments were tried alternately with the chamber strongly 
illuminated by means of a Nernst lamp and other sources of 
light, and with the chamber in darkness. It was found that 
there was no difference in the behaviour of these nuclei in. 
the dark and in the light. 


Lffect of Electric Field on Nuclet. 


The nuclei obtained under various conditions were tested 
for electrification by means of the tubes HE, fig. 1. No 
difference was ever detected between the behaviour with the 
field on and that with the field off. The nuclei, however 
(particularly the second set, that is, the oxygen nuclei), are 
usually sonumerous that if only a few of them were removed 
there would not be any appreciable alteration in the nature 
of the cloud formed upon the remainder. Thus, if any 
nuclei are attached to ions, the number of such nuclei must 
be a very small percentage of the total number of nuclei. 

The behaviour of iridium, rhodium, and ruthenium was in 
general similar to that of platinum—that is, nuclei were 
produced in air or oxygen, but not in a vacuum, after all the 
hydrogen had been got rid of. There is one important point 
of difference: platinum gives no nuclei in a vacuum after 
being heated in oxygen ; iridium and ruthenium, however, 
will give nuclei in a vacuum after being heated in oxygen, 
these nuclei being due to the removal of the oxide, which, in 
the case of iridium, forms a film upon the cooler ends of the 
wire. After a few heatings, with the Gaede pump working, 
these nuclei cease to be emitted. 


Nature of the Nuclei. 


1. We see that the properties of the first set of nuclei are 

as follows :— 

(a) They are emitted by the wire at comparatively low 
temperatures. 

(b) The minimum temperature required to produce them 
is lower the less the pressure of the surrounding 
as. 

(c) They alter in size and disappear very soon after their 
liberation, but last longer if water-vapour has 
been caused to condense upon them. 
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(d) The ability of the wire to emit them is temporarily 
lost after an emission, but is slowly regained after 
the lapse of time. 

(e) The wire immediately regains the ability to produce 
them on hydrogen being brought into contact with it; 
air, oxygen, and nitrogen do not produce this effect. 

(7) If the wire has been kept at a white heat in a vacuum 
for a very long time, the admission and withdrawal 
of pure hydrogen does not revive the power to emit 
nuclei in a vacuum. 


These nuclei are obviously not of the nature of solid 
particles ; they are particles which are able to evaporate or 
break up. They may be: 

(a) Minute water-drops. 

(6) Traces of compound gases produced by the combination 

with hydrogen of other occluded gases *, 


These nuclei are not necessarily produced by heat; they 
may be produced by the catalytic action of the metal, which 
is well known, and may be merely liberated by the heat. 
It is easy to see why they should last longer if condensation 
of water-vapour takes place upon them, as extremely small 
drops evaporate rapidly and the condensation, by increasing 
the size of the drops, would diminish their rate of 
evaporation. 3 

Recent investigations have shown that the occluded gases 
in a metal wire are partly absorbed in the metal, and 
partly adsorbed, that is, condensed or entangled upon the 
surface ; and I have to thank Prof. Donnan for the following 
suggestion in explanation of the curves in fig. 2 :—On first 
heating the wire to a fairly low temperature, some of the 
adsorbed gas quickly goes off, but on again heating 
immediately afterwards to the same temperature, practically 
no more is liberated; on heating to a higher temperature 
more adsorbed gas goes off, but not again on a second heating 
at that temperature, and so on. The amount of the adsorbed 
gas which can be got rid of by this process has now been 
removed. Now leave the wire for a day, and some of the 
absorbed gas slowly diffuses out and becomes adsorbed, and 
on a second set of heatings, results of the same nature as 
before are obtained ; eventually the quantity of gas remaining 
in the wire is too small to give nuclei. Thus it is the 
adsorbed gas which goes off, and the absorbed gas slowly 
diffuses out in the longer intervals of rest. On this view it 


* See ‘ Electrical Properties of Flames,’ H. A, Wilson, p. 26. 
U2 
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seems likely that in a vacuum the process of diffusion will 
be hastened, and that the minimum temperature for nuclei 
will be lower than in gas at atmospheric pressure ; and these, 
as we have seen, are among the observed experimental facts. 

There is still one point which requires explanation. Why 
is it that when a wire has ceased to give nuclei in a vacuum, 
the single process of admitting and removing hydrogen, 
provided the wire has not been heated in the vacuum too 
long, at once revives the power of the wire to emit nuclei, 
while the admission and removal of oxygen, air, or nitrogen 
does not have this effect ? We may imagine the mechanism 
of occlusion and liberation to be pretty much the same in 
the cases of the other occluded gases as in that of hydrogen, 
except that in the case of hydrogen the processes, both of 
occlusion and liberation, are more rapid. Thus it is probable 
that when the hydrogen has been almost entirely removed, 
and consequently traces of compounds with hydrogen cease 
to be formed, there are nevertheless, remaining in the metal, 
quantities of other occluded gases liberated with more 
difficulty. On bringing hydrogen into contact with the 
wire, the ability to form hydrogen compounds (possibly 
H,O) would ke at once restored *. 

This explains why the action of pure hydrogen fails if the 
wire has been kept white hot in a vacuum for a long time, as 
the other occluded gases would then be removed. The effect 
of hydrogen in reviving the nucleating power in air is easily 
understood, as, in the experiments in air, the wire, on account 
of the frequent heatings, would have every opportunity of 
absorbing oxygen, &c. It has been mentioned that the 
nuclei may be produced by the action of the metal and merely 
liberated by the heat. 

If a wire has been heated in a vacuum so long that the 
admission of hydrogen fails to revive the power of emitting 
the first set of nuclei, the subsequent admission of azr will 
restore the power. 

2. The second set of nuclei are in all probability particles 
of an unstable oxide of the metal. The formation of this 
oxide will be considered later. The formation of an oxide 
agrees with the facts that :— 


(a) The second set of nuclei are not formed in nitrogen, 
hydrogen, or a vacuum, but only in the presence of 
oxygen. 

(b) The rate of loss of weight of the metal is zero in 
nitrogen, hydrogen, or a vacuum. For platinum 

* TH. A. Wilson, Joc. cit. 
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and rhodium the rate of disintegration at a given 
temperature is roughly proportional to the oxygen 
pressure ; for iridium, which is very oxidizable, the 
rate of disintegration increases much more rapidly 
with the oxygen pressure. The disintegration of 
palladium is of a- different nature and will be con- 
sidered later. 

(c) At low pressures of oxygen the nuclei are very small. 

(d@) The nuclei begin to be formed (that is, the dis- 
integration begins) at a fairly definite temperature. 

(e) The nuclei are very persistent and do not alter in size ; 
they are unaffected by light or by an electric field. 


Disintegration of Metals. 


If the hot platinum combined with the oxygen, it would 
be expected that there would be, after some hours, a detect- 
able diminution in the pressure of the enclosed oxygen in a 
constant volume gas-chamber, containing a platinum wire 
maintained at a bright heat ; and that some atomic relation 
would exist between the loss of weight of the platinum wire 
and the loss of weight of the oxygen in the apparatus. It 
will be as well to mention at once, however, that the oxide is 
unstable at temperatures lower than that at which it is 
formed, dissociation will be taking place, and some of the 
oxygen will be set free. The oxygen which enters into 
combination, and is then liberated by the dissociation, acts 
merely as the temporary carrier of the metal. If the 
volatile oxide could be instantly drawn away and cooled 
very rapidly (“‘ frozen”), practically no dissociation would 
take place, and an atomic relation would be obtained. The 
further the actual conditions of cooling fall short of the 
ideal conditions of cooling, however, the further the weight 
of oxygen lost will fall short of that required for an atomic 
relation: until, in the limiting case, when the temperature 
gradient is very small, all the oxide will be dissociated ; in 
this case we may consider that the oxygen has a purely 
catalytic effect upon the volatilization of the metal. The 
latter conditions are approximated to in the case of the 
platinum strip in a resistance furnace, where the temperature 
gradient in the gas round the strip is very small. In this 
case, as is well known, crystals of the metal are deposited in 
the immediate vicinity of the strip, and this fact has caused 


* As the oxide is only obtained at high temperatures, it seems probable 
that its formation is accompanied by an absorption of heat: a slight 
lowering of temperature would therefore shift the equilibrium in the 
direction, oxide ——> metal + oxygen. 
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the phenomenon of the disintegration of the platinum strip to 
be mistaken for one of simple volatilization *. 

The constant-volume gas-chamber used for the following 
experiments is shown in fig. 5. It consists simply of the 


Es : 
exHausT 


cylindrical glass bulb containing the glowing wire, with 
connecting tubes for the withdrawal and admission of gas, 
the shape of the tubes being such that the bulb can be 
immersed in running water in a trough. ‘The pressure at 
constant volume is read in the usual way by means of the 
sliding mercury reservoir. 

The behaviour which would be expected from the above 
considerations as to the nature of the oxide was exactly what 
was observed. Before the water-cooling arrangement was 
employed, the small glass vessel used to get exceedingly hot 
and the weight of oxygen lost was always tco small fora 
simple atomic relation. Many precautions were taken to 
try to improve the relation between the weights of oxygen 
and platinum, but it will be interesting to mention the 
precautions which most readily suggest themselves, as the 
most important precaution (that of water-cooling the small 
glass vessel) was stumbled upon in endeavouring to eliminate 
an error which seemed negligible. Conditions (other than 


* Crookes, loc. cit. 
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dissociation) which would prevent a correct result from being 
obtained are :— 


1. Change of barometer and temperature. 

2. Presence of unsaturated water-vapour in the apparatus, 

pressure unknown. 

3. Absorption or evolution of gas by the wire. 

4. Oxidation of parts of the leads not made of platinum. 

). Large volume of apparatus rendering diminution of 

pressure inappreciable. 

§. Evolution or absorption of gas by the glass. 

7. Absorption and adsorption ot gas by deposit, whether 

deposit be oxide, metal, or mixture *. 

(1) was corrected with great care, (2) overcome by drying, 
(3) by heating the wire for 30 to 40 hours in the same gas 
before the initial weighing, (4) by making the leads entirely 
of thick platinum rods, and (5) by using an apparatus of 
small volume. Still the amount of oxygen taken up was 
always too small even for the formation of the oxide Pt,Q, 
(6) seemed negligible, but it was decided to overcome it by 
having the vessel water-cooled as shown in fig. 5; on this 
being done the weight of oxygen lost was increased. With 
air in the apparatus, the weight of oxygen lost sometimes 
upproximated very closely to that required for Pt,O: it was 
never equal to it, and it never exceeded it. The following 
figures give the results of two very careful experiments made 
in air on platinum :— 


Beginning of End of Expt. 
Expt. (42 hrs.). 
PPAR NELEE ast cden sider ss Wienamanectonydssss 7544 mm. 7548 mm, 
PREMINCEALUEC soaps ceesesnnctiescecicdeteene £ee-2°C. 18°C. 
Position of mercury in apparatus ... 9000 mm. 900°0 mm. 
Position of mercury in reservoir ... 640°0 mm. 588°0 mm. 
BeieiG Of Wire... 00; ok sake Noes 175°80 mems. 164°9 mgms. 
Volume of apparatus ....... ai eee BOA Coa Say Pew ie tatisin 8 
Loss of weight of oxygen ..............- GrsSee mom eee a. 
Weight of platinum corresponding 
EEO ect, Saves wawoenadeeeee DATE IBEMSS AVP yf fa) seakawe 


Actual loss of weight of platinum ... 10°90 mgms. 


Beginning of Expt. 


End of Expt. 


IROL go aa 7647 nm. 7643 mm. 
PRCTHIPBEALIEGS J. cvessescacceseneasdetaes sce 1io-E ©, pce 0: 
Position of mercury in apparatus .... 855°0 mm. 855°0 mm. 
Position of mercury in reservoir ... 639°2 mm _ 621-6 mm. 
MWietsh Gag avire: ..2-.3.-..522....cescnrees 15860 mgms. 151:20 mgms. 
Volume of apparatus ..............0008 Soe Cl). br tie 4) Betas 
Loss of weight of oxygen............... OLE memigy iy i) Ci Beat sseee 
Weight of Pt corresponding to Pt,O. GC Gas Mews... Meeletcscases 
Actual loss of weight of platinum ... TA0rmems:: ")) ld Ho wens 


* The conditions are further complicated by the formation of solid 
solutions of the gas in the oxides, and of the oxides in one another. See 


Wohler, Zeit. fiir Elektrochemie, 1909. 
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Beginning of Expt. End of Expt. 
IDATOMELEE ioc calcunnausvanneducueut stacey 754-7 mm. 761'5 mm. 
Mennperavure lee iscsi. ee uceee eee eaeae 14°°8 C. 15°*t ce: 
Position of mercury in apparatus ... 740°0 mm. 7400 mm. 
Position of mercury in reservoir...... 572:°0 mm. 537°3 mm. 
Weight of witesj242 oii nou. a eaenee 209°'1 mgms. 199°1 mgms. 
Volume ot apparatus, (2....-5-4--c- ee 2041 ces) 0S eee 
Loss of weight of oxygen ...........- 1°39 mems):.)) Oeeeee 
Weight of Pt. corresponding to PtO,. 8478 mpms. )\,,./ + lie 
Actual loss of weight of platinum... 1000 mgms. ew. 


It is impossible, after the most careful experiments, to: 
obtain an exact simple atomic relation with platinum: the 
results obtained in air, and the fact that the weight of 
oxygen taken up frequently approximated to, but never 
exceeded, that required for the lower oxide Pt,O, might seem 
to indicate the formation of this oxide in air and its partial 
dissociation. Since in an atmosphere of oxygen the ratio of 
platinum to oxygen approximates to that required for PtQ,, 
it is possible that the oxide formed is in all cases PtOs, and 
that in air so much dissociation takes place that the ratio. 
approximates to that required for Pt,O. Since in air the 
partial pressure of the oxygen is less, we should expect a 
greater amount of decomposition of the oxide, as is easily 
seen by applying the law of mass action to the equation 

PQs nacre Os. 
whence we obtain | 
Ppio, = K(Pp;, x Po,). 


The dissociation will be compensated for to an unknown, but 
probably small, extent by the adsorption of oxygen by the 
dissociated platinum particles*. As mentioned above, this 
platinum will be the result of the dissociation of the oxide. 


Iridium in Pure Oxygen. 
The effect with iridium is very striking ; the deposit upon 
the glass is perceptible after two or three minutes. The 
following experiment took about 30 minutes :— 


Peginning of Expt. End of Expt. 

(BAFOMIEBER Wee tiersiedes «n\s0/avadoec se’ daawetle 761-2 mm. 7620 mm. 
Pei PSrAllHre toric ecsic semen ie svediuadde Jove 13°°5 C. 13°°3 C. 
Position of mercury in apparatus ... 740°0 mm. 740°0 mm. 
Position of mercury in reservoir...... 5499 mm. 454°5 mm. 
Wiel glitioii wile ease). codecs ust ature neces 431-00 mgms. 402°15 mgms.. 
Volume of apparatus ...............04. 28°99 ce. wall 
Loss of weight of oxygen ............... 4:89 mems.)\ 9) ) 0 De : 
Weight of iridium corresponding to 

TPO). ifn lcclosedlsoronean tenets anne nd 29°51) mpmss)) 
Actual loss of weight of iridium...... 28°8b"ngmis;) 4). 


* Itis worth noticing that if the deposit formed on the walls of the 
vessel consisted of platinum particles, the absorption of the oxygen 
corresponding to PtO,, would represent the enormous absorption by the-. 
platinum of 2470 volumes. 
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Thus it seems as though too little iridium has been lost ; 
this is due to the deposition of a slight film of oxide on the 
cool ends of the wire, which diminishes the observed loss of 
weight. 


Black Deposit upox the Walls of Vi essel containing 
Glowing Wire. 


The oxide formed deposits itself upon the walls of the 
glass vessel as a soft black or greyish-black powder. The 
manner in which the deposit is disposed about the vessel 
gives every indication that it is the result of the condensation 
of a vapour ; it gives no support to the view that particles 
are ejected from the wire. [or the deposit is not distributed 
equally round the vessel nor is it mostly upon the bottom or 
top. It is frequently found that the vapour has to be cooled 
considerably before it deposits. Thus although the thin 
water-cooled glass must be at practically the same tempera- 
ture at all parts, the vapour rising upward with the con- 
vection currents is not sufficiently cooled tu deposit on first 
striking the upper surface, but on flowing over the surface 
for a short distance it begins to form the deposit at a sharply 
defined line ; this shows that it has to be cooled to a definite 
temperature before condensation takes place; the greatest 
amount of deposition is usually found to take place where 
the cooling vapour is on its downward journey over the 
sides of the vessel *. | 


* Description of Plate Il. 


The plate shows photographs of the small glass vessels containing the 
glowing wires after the deposits had been formed. Nos. 1 to 5 show 
the deposits due to an iridium wire, Nos. | and 2 being after five minutes. 
heating of the wire, Nos. 3, 4, and 5 after halfan hour. As the iridium 
wire remained straight when heated, and coincident with the axis of the 
tube, the convection currents in the heated gas would be symmetrical 
with respect to the cylindrical vessel. As the vessels were ] cm. in 
radius and were water-cooled, the convection circulation was probably 
very vigorous. No. 1 shows the view from above, and it is seen that the 
black deposit begins at a fairly sharply defined line on the upper surface 
as the cooling vapour circulates round the tube the two streams meet 
together and the deposit at the bottom of the vessel shows a sharp line 
of demarcation vertically below the wire: this is well shown in Nos. 1, 
2, and 4, which are all views from above, the deposit showing this line of 
demarcation being on the surface of the vessel furthest away from the. 
reader. In Nos. | and 2, which are photographs of the same vessel, it is 
seen that the side tubes have interfered with the symmetry of flow. 
Nos. 3, 4, and 5 are different views of the same vessel, and it is seen 
that the deposit is greatest near the centre of the wire, which was the 
hottest part. The most important point in all the figures, however, is. 
that the deposit is not formed on the upper surface of the vessel, with 
which the ascending vapour first comes into contact, but the deposit. 
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After different experiments the apparatus was broken up 
and the deposit examined in the microscope. A high-power 
immersion microscope revealed a vast number of particles of 
various sizes, individually black, and looking exactly like 
particles of soot. By means of a scale in the eyepiece of 
the microscope, the particles were seen to range in size 
from 10 down to about =. There was no evidence of 
crystallization. 

In order to remove the black deposit from a piece of 
glass, the glass was boiled in aqua regia, but this did not 
remove the black powder by any means completely. Another 
piece of glass from the same apparatus was heated in the 
Bunsen flame, when the black deposit quickly assumed 
the form of a metallic film. On treating this with aqua 
regia, the film was almost immediately dissolved. Another 
metallic film, obtained by heating the black powder in the 
same way, was examined in the microscope, and found to 
consist of a more or less continuous film, which, however, 
had drawn up here and there, leaving a large number of 
roughly circular holes ; the film had, in fact, behaved as if 
it had possessed surface tension; light was able to pass 
through the film *. 

These black deposits are also obtained, whenever oxygen 
is present, by heating iridium, rhodium, and palladium. 
The effect with iridium is very striking ; an iridium wire 
430 mgms. in weight lost 30 mgms. in 30 minutes. ‘The 
deposit upon the glass began to be perceptible two or three 
minutes after putting on the heating current, and at the end 
of 30 minutes was thick and almost opaque ; the same result 


begins to be formed as the vapour is cooled on its downward journey 
along the sides of the vessel. This disproves at once any theory of the 
emission of solid particles from the hot wire, as, if this were the case, 
there would be a deposit on the upper surface of the glass. Nos. 6 and7 
show the deposits from a platinum wire in the form of a spiral; as the 
wire bent on heating it was nearer to one side of the vessel than to the 
other, and consequently the convection currents went up one side of the 
- vessel and down the other; hence the vapour was cooled on its upward 
journey and deposits were in this case obtained on the top surface. In 
other experiments with the spiral wire, when the spiral has remained 
along the axis of the tube, deposits of the same pattern have been 
obtained, but in these cases, as in Nos. 1 to 5, the deposits were not 

produced upon the upper surface. 


* In this connexion see the interesting papers by Stone (Phys. Rey., 
July 1905), and by Turner (Proc. Roy. Soc. 1908), where it is shown 
that thin films of other metals, such as silver and gold, on being heated 
to very moderate temperatures, below 500° C., also draw up, leaving 
holes; the metallic parts are still opaque, but the light is transmitted 
through the holes. The reflecting power of the film is diminished and 
the electrical resistivity is greatly increased. 


Disintegration of Metals at High Temperatures. 291 


with platinum and rhodium takes many hours. No deposits 
are obtained from platinum, rhodium, and iridium if these 
are heated in a vacuum. 3 

The behaviour of palladium at low pressures is different 
from that of the other three metals named. It has been 
found by Stewart * and by Holborn and Austin * that :— 


1. The rate of loss of weight of platinum, rhodium, and 
iridium is practically zero when oxvgen is absent, 
and when oxygen is present the rate of loss of weight 
diminishes with diminution of pressure of the oxygen. 

2. The rate of loss of weight of palladium increases with 
diminution of pressure, and is practically independent 
of the nature, of the surrounding gas. 

3. With palladium the deposit is always black when 
oxygen is present, but is bright and metallic in 
hydrogen at a pressure of 1:25 mm. 

It is evident that the mechanism of the disintegration 
in the case of palladium is different from that in the cases 
of the other metals. Several explanations of this pheno- 
menon in the case of palladium suggest themselves :— 

1. Since palladium absorbs gases to a greater degree than 
the other platinum metals, the greater rate of loss of 
weight at low pressures might be due to the greater 
rate of escape of these gases, the loss of weight being 
equal to the weight of escaped gas. 

2. The evolution of the gas might cause particles of the 
metal to be loosened and detached. 

3. The bright deposits mentioned by Holborn and Austin 
in hydrogen at 1:25 mm. might be due to the 
reduction of an oxide. 

4, The effects might be due to simple volatilization of the 
metal. 

In order to decide between these possible explanations, I 
have repeated Holborn and Austin’s experiment and found 
that 1 and 3 are disposed of by the fact that the greater 
rate of loss of weight at low pressures continues indefinitely, 
and the bright deposits are obtained in a maintained vacuum, 
where they cannot be due to the reducing action of hydrogen. 
2 and 3 are disproved by the fact that no nuclei whatever 
are detected from palladium in a vacuum. I think that 4 
is the true explanation. Incidentally it may be noticed 
that volatilizing palladium does not give nuclei. This 
agrees with Aitken’s observations on camphor, and suggests 
that a pure solid substance does not give nuclei when 


* Loe. cit. 
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volatilizing, contrary to Owen and Hughes’ result with 
solid CQ,*. 

If the palladium volatilizes rapidly in a vacuum, it might 
be expected that the bright metallic deposit would prove to 
be crystalline. Hxamined under the microscope, however, 
it was found to be perfectly uniform ; there were no holes, 
and yet the film was semi-transparent. A careful microscopic 
examination of the glowing wire, in this and in other cases, 
did not reveal any of the glowing particles mentioned by 
Reboul and Bollemont. In order to see if crystalline 
structure in the film was to be expected as a necessary 
result of sublimation, | made a test in which the deposit 
was known to be the result of sublimation. I fused a 
palladium wire in a vacuum, and the surface of the glass 
was instantly covered with a perfect bright palladium 
mirror, which under the microscope showed no signs what- 
ever of crystallization ; the microscope used in all these 
experiments was a high power Zeiss with vertical illuminator. 
Examination of the fused wire at the point of fusion showed 
that the metal was covered with small mounds as though 
it had boiled ; there was no evidence of crystallization here. 
Probably the reason that these deposits are not crystalline is 
that the vapour has been in too rapid motion, and has 
been cooled too quickly. In platinum resistance furnaces 
the vapour produced by the dissociation of the volatile oxide 
of the platinum is entirely confined, and almost stationary ; 
it therefore slowly condenses upon the hot clay cylinder of 
the furnace in the form of crystals. 

On dipping pieces of the broken glass, having these 
deposits, into nitric acid, the palladium films were instantly 
dissolved, and produced the usual bronze coloration of the 
acid. Three samples of the palladium films were heated 
(1) moderately with a bunsen, (2) strongly with bunsen, 
(3) strongly in blow-flame. On examining these in the 
microscope 1 and 2 showed no special features, but 3 
had a fern-like pattern depending upon crystallic action, 
though no individual crystals were seen f. 


* Phil, Mag. 1908. 

+ It is impossible to exaggerate the beauty of these films as seen in 
the microscope. The patterns are similar to those produced by frost 
upon glass, and interference colours are seen by transmitted light. IEf 
the film is gently breathed upon, the patterns go through most beautiful 
transformations, both as to colour and arrangement, these effects being 
due to the thickening and distortion of the film with the heat uf the 
breath. 
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Discussion of Results. 


By the delicate test of the expansion apparatus it is found 
that platinum begins to disintegrate at so low a temperature 
as 500° C. Gust below the dullest red heat), but in such 
infinitesimal quantities that no loss of weight would be 
detected even after days of heating. The disintegration 
does not begin to come within range of the balance until 
1900° C. or 1100° C. The fact that the second set of nuclei, 
even in the region of 500° C., are so persistent, and that they 
do not change in size or character, together with the fact 
that they are , produced in pure oxygen, no matter how long 
the heating has been continued, and are not produced in the 
absence of oxygen, either in nitrogen, hydrogen, or in a 
vacuum, shows that they are not likely to be either particles 
of the metal brought off by the escaping gas or traces of 
compounds of different gases. 

The fact that the rate of loss of weight of the platinum 
wire is roughly proportional to the oxygen pressure points 
to the formation of an endothermic oxide. The experiments 
in the constant-volume gas-chamber in which the ratio of 
the loss of platinum to the loss of oxygen was determined, 
gave results which approximated in the case of air to 2Pt: 0 
and in the case of oxygen to Pt: 20. It does not seem 
probable that this large amount of oxygen is simply 
adsorbed ; it must be combined chemically, at any rate for 
the most part. During the cooling of the oxide after its 
formation at the hot wire, some decomposition takes place, 
and the amount of this decomposition will be greater the 
lower the oxygen pressure. If we assume that the quantity 
of oxygen adsorbed by the deposit is small, the composition 
of the oxide in the experiments in oxygen must be either 
PtO, or some higher oxide. If this oxide is also present in 
the deposit obtained in air, there must be a considerable 
amount of platinum mixed with it, this platinum being the 
result of dissociation of the oxide during cooling. 

According to the observations of Nahrwold, Stewart, and 
Holborn and Austin, the rate -of disintegration of the 
platinum metals (excluding palladium) diminishes with 
the pressure of the surrounding oxygen; this is in 
accordance with the oxidation theory. Palladium, however, 
as has been shown in the course of this paper, volatilizes ; 
it oxidizes if there be any oxygen present: this agrees with 
the observations of Stewart, and Holborn and Austin, that 
the rate of disintegration of palladium is practically in- 
dependent of the nature, but increases with diminution of 
the pressure, of surrounding gas. 
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If oxidation be the mechanism of the disintegration of 
the platinum metals, the rate of disintegration should not 
alter with time; that this is so with pure metals is confirmed 
by Sir W. Grookes’ curves * and by the observations of 
Holborn and Austin on pure metals, and on alloys containing 
small percentages of iridium; the more rapid rate of dis- 
integration, in some cases observed in the early heatings, is 
due to the presence of traces of more easily oxidisable 
impurities. 

Sir W. Crookes, in his paper on “The Volatility of Metals of 
the Platinum Group” (loc. cit.), discusses the possibility of the 
formation of an oxide in the case of platinum, but discards 
the view on account of his theory that an oxide formed 
at a high temperature would only dissociate at a still higher 
temperature, not at a slightly lower temperature. Speaking 
of the crystals which occur in a platinum resistance furnace 
in the vicinity of the platinum strip, that is, upon the 
porcelain tube, which is at a slightly lower temperature 
than the strip itself, Sir W. Crookes says: ‘“ the mode of 
occurrence of the beautiful erystals of platinum is against 
the supposition that they are a product of the decompo- 
sition of an oxide, for the crystals deposit upon a part of 
the apparatus that is at a slightly lower temperature 
than the bulk of the metal, and it is inconceivable that 
platinum should combine with oxygen to form a volatile 
oxide at one definite temperature, and part with this 
oxygen, and come down in metallic crystals, at a_ little 
lower temperature.” Later on Sir W. Crookes says: “I 
must therefore come to the conclusion that platinum is 
absolutely non-volatile at 900° C., a temperature easily 
obtainable in an analytical laboratory, and that the formation 
of crystals of the metal in the electric furnace is a true case 
of sublimation.” 

[t must be pointed out, however, that if the disintegration 
of platinum were a simple case of volatility, it would not 
become zero in a vacuum; and that there are many examples 
recognized in physical chemistry and in accordance with 
the laws of ther modynamics, of the formation of compounds 
at high temperatures, and their dissociation at lower tempe- 
ratures provided the cooling is slow. In a platinum 
resistance furnace, since the hot air round the strip is 
confined, we have exactly the right conditions for the 
dissociation of the oxide and the “formation of crystals ; 
the oxygen being used over and over again and acting 
merely as the temporar y carrier of the metal. In this sense, 


* Proc. Roy. Soc, 1912. 
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and under these circumstances, truly, the influence of the 
oxygen is catalytic. 

We see that this theory of the formation of an endo- 
thermic, volatile, and dissociable oxide explains all the 
observed facts in a perfectly simple manner and without 
any other assumptions. 

The formation of an oxide of platinum would also explain 
certain facts in the discharge of negative and _ positive 
electricity from hot platinum wires at low pressures. It is 
well known that a metal plate placed in the neighbourhood 
of a hot platinum wire acquires an electrical charge. “If 
the wire be not too hot, then at high pressures the plate 
will be charged positively ; on exhausting the vessel, a 
point will be reached where the positive charge begins to 
decrease, then vanishes, and finally is replaced by a negative 
charge. This change in the sign of the charge on the plate 
occurs at much higher pressures in hydrogen and nitrogen 
than in oxygen, where this reversal is difficult to obtain 
unless the wire be very hot. When the reversal of sign has 
been obtained in hydrogen or nitrogen, the addition of a 
surprisingly small quantity of oxygen is sufficient to make 
the charge on the plate positive again. It is possible that 
part of the diminution in the positive leak may be due to 
the burning up of the oxygen. ‘The increase in the positive 
electrification produced by oxygen is easily explained if 
there is any oxidation of the metal at a red heat ; for in the 
oxide thus formed, the oxygen carries the negative, the 
metal the positive charge : thus if the oxygen in the neigh- 
bourhood of the platinum wire got ionized by the heat, the 
platinum, by combining with the negative but not with 
the positive oxygen ions, would leave an excess of positive 
ions in the neighbourhood” *. There are many other 
observations in the discharge of electricity from hot metal 
wires which would receive their most satisfactory explanation 
on the theory of the formation of an unstable oxide f. 

The results of these experiments have obvious bearings 
upon the means to be adopted for the preservation of the 
various metallic heating strips used in resistance furnaces. 


I desire to offer my very best thanks to Prof. Donnan, 
F..S., and to Mr, R. HE. Slade, M.Sc., for their kind 


* J. J. Thomson, ‘Conduction of Electricity through Gases,’ 1903,. 
p. 181. 
+ See various parts of Ch. 2-5 of ‘ Electrical Properties of Flames 


and Incandescent Solids,’ by H. A, Wilson. University of London. 
Press, 1912. 
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eriticism of many chemical points; to my colleague Dr. G. 
Owen for much practical assistance ; and, as usual, to Prof. 
Wilberforce for valuable advice and facilities always so 
readily placed at my disposal. 

Messrs. Johnson, Matthey & Co. went to great trouble 
to prepare for me specimens of the pure platinum metals in 
suitable form ; in the cases of iridium and ruthenium the 
specimens were difficult to produce. 


George Holt Physics Laboratory, 
Uabees: of Tie 


XXXII. Lhe Photographic Lfect of X-rays and X-ray 
Spectra. By C. G. Barnxua, MA. D.Sc, PRS 
G. H. Martyn, B.Sc.* 


A 8S the fundamental phenomena accompanying the trans- 

mission of Réntgen radiation through matter,—those 

of absorption, secondary radiation, and ionization,—are all 

intimately connected with the X-ray spectrum charac- 

teristic of the particular matter traversed, it is to be expected 

that chemical actions should exhibit similar dependence on 
the characteristic radiations. 

In general a very penetrating radiation during trans- 
mission through a photographie plate produces little photo- 
graphic effect, while an easily absorbed radiation of the same 
intensity produces considerable photographic action, increased 
absorption of energy being accompanied by increased photo- 
eraphic action. Selective effects are, however, not readily 
observed when heterogeneous beams are used. By the use 
of homogeneous Roéntgen radiations,—the characteristic 
radiations (series K) for various elements,—the connexion 
between the photographic action and the absorbability (or 
wave-length) may be easily studied. 

Primary radiation from an X-ray tube was allowed to fall 
on a plate of substance the fluorescent radiation of which 
was to be used. 

A portion of this fluorescent radiation, after passing 
through a rectangular aperture with aluminium edges 
(5 cm.x*5 cm.) in a lead screen, was allowed to fall on a 
rapid photographic plate + enclosed in an envelope of black 
paper. 

Another pencil of the fluorescent X-radiation passed 
through a small square aperture of about °5 cm. edge in 
a lead screen on to the thin paper face of an electroscope 


* Communicated by the Authors. 
+ “ Griffin’s Professional.” 
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which it traversed. The angles which the axes of these two 
pencils of radiation—one producing photographic action, the 
other ionization—made with the normal to the plate were 
approximately equal. 

The photographic action and the ionization were pro- 
duced simultaneously until the electroscope deflexion reached 
a suitable definite value obtained by preliminary experiments. 
The radiating plate was replaced by another, the photo- 
graphic plate was moved over its aperture so that a fresh 
portion was exposed to the fluorescent radiation, and the 
electroscope was re-charged. Again, the exposure lasted 
until the same deflexion was produced in the electroscope by 
the fluorescent X-radiation from the second substance. In 
this way the photographic plate was exposed to various 
homogeneous radiations for periods sufficient for these to 
give identical ionizations in the air contained in the electro- 
scope. After development of the plate it was seen that the 
various radiations had not produced equal photographic 
effects. In order to get a standard for comparison of these 
photographic effects, a photographic wedge was made with 
a similar plate exposed to a uniform light for periods pro- 
portional to the distance from one end of the wedge. By 
comparing the various exposed portions of the plate affected 
by X-rays with this wedge, the relative exposures required 
to produce the effects observed for the various homogeneous 
X-radiations were obtained. The results given in Table I., 
column 3, are the mean values obtained from a number of 
experiments, the number varying from three to eight for 
different radiations. 


Taste I. 

Absorbability Relative Intensity of Photo- 

X-radiation producing of radiation graphic Effect (measured as 

photographie action, ial (*) indicated) for equal ioniza- 

tions in air (8 cm. thickness). 
’ Mn X-rays (series K).. nat Ege 
Cu . 45 a 47°7 73 
Zn 43 Ps aes 39-4 1-67 
Br or A BF: 16-4 1°75 
Mo ,, COA Y 53 2:25 
Ag 33 os Ne 2°5 2°25 
Sn 5 us ries PS i 2°75 
Sb Bs i ais IZ 4°22 
I ” - she "92 4°62 


Ce ey x {4 “6 4:67 
‘It we attempt to plot the absorbability of the homogeneous 
Phil. Mag. 8. 6. Vol. 25. No. 146. Feb. 1913, Xx 
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radiations as abscissee and the photographic effect (measured 
as indicated) as ordinates, the features of the curve become 
crowded at one end of the figure. But though no direct 
determinations of the wave-lengths of the fluorescent X-radi- 
ations have hitherto been possible, if we extend the con- 
clusions arrived at with regard to ultra-violet light to these 
Rontgen radiations we may arrive at the wave-lengths in- 
directly. As to the essential identity of ultra-violet light 
and X-rays there can be no doubt, and there is no reason to 
even suspect that the law connecting frequency of light and 
the velocity of emission of electrons by substances exposed 
to that light is not applicable also to X-rays. There is much 
evidence of the applicability, and, as far as we are aware, 
none against. We shall, at any rate, accept it provisionally. 

The work of Whiddington has shown that the maximum 
velocity of the electrons set free from a plate bya fluorescent 
radiation (series K) from an element of atomic weight w is 
about wx 10° cm. per sec.* But if this is the whole energy 
of a quantum on Planck’s theory 


ah pe 
Lmv* = hn, 


where m and v are the mass and velocity of the electron, 

his Planck’s unit 6°55 x 107”, and n is the frequency of 

light. We can thus caleulate the frequency and hence the 
wave-length. 

43°7 x 101° 

The wave-length » is found to be es : 
But =e xO?) 


Hence, assuming the whole energy of a quantum goes. 
into an electron, 


»X = about centimetre. 


"437 x 1074 
we 
If, however, we accept the experimental results of A. L. 
Hughes, }mv?=h'n +, where h' is about ¢ of Planck’s con- 
cao One 
stant, we get a value for A of about emerges: 
Accepting this experimental value,—Hughes suggests that 


* This is probably the velocity of ad/ electrons when just freed from 
the atom. 

+ The relation found by Hughes is written 3mv2=h'n—Ep, but Ho is 
negligible in this case. The value of 2' was found to vary slightly with 
the substance emitting the electrons. The average of thesevalues is. 
taken above. 
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the difference may be due to absorption of energy by the 
parent molecule,—we get for the wave-length of bromine 


X-radiation (series K) the value So em., that is 


*59x10-§ centimetre about; and of silver X-radiation 
(series K) *33 x 107° centimetre. 

If now we plot “wave-length” so obtained and photo- 
graphic effect for beams producing equal ionizations in an 
air-electroscope 8 cm. in length, we get a curve as shown in 


moe 1. 


CA 
SNRRGHGRGHORE 
REE 
Haat bette 798 


WAvE-LENCTH; 

Showing relative photographic effects for X-radiations of various 
“‘waye-lengths” producing equal ionizations in air (8 cm. 
thickness). Discontinuous curve shows relative absorptions 
of these radiations in silver bromide. 

Lower portion of figure shows spectral lines (series K) of 
Br and Ag. 

It is seen that, commencing with long waves (absorbable 
radiations), the photographic effect for equal ionizations is 
practically « constant until the radiation becomes of shorter 
wave-length (more penetrating) than bromine X-radiation, 
when the intensity rises. Again, it approaches a constant 
but higher value until, when the radiation becomes of shorter 
wave-length (more penetrating) than the radiation charac- 
teristic of silver, a second incréase of photographic effect 
occurs. The first increase occurs when there is additional 
absorption of the primary radiation and re-emission of secon- 
dary radiations from the bromine of silver bromide, the 
second when the absorption in s¢lver increases and the energy 
re-emitted in the form of secondary rays from silver increases 


PHOTOGRAPHIC EFFECT FOR EQUAL AIR /ONIZATIONS, 


---=-- 4ABS0RPTION (NW SILVER BROMIDE. 


oOo 
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also. The connexion with the spectral lines (series K) of Br 
and Ag is shown in the lower portion of the figure. 

As might be expected, the photographic effect is not pro- 
portional to the absorption of Rontgen rays, in silver, bromine, 
or silver bromide. For silver bromide is surrounded by gela- 
tine consisting of light elements. On the one hand, a 
portion of the photographic effect is undoubtedly due to the 
secondary rays from this ; and, on the other hand, a portion 
of the energy originally absorbed in silver bromide is re- 
emitted and ultimately absorbed by the gelatine. It is 
significant that when the absorption in silver bromide 
relative to that in air increases either through the bromine 
or through the silver, the increase in photographic effect is 
approximately proportional to the increase in absorption. 

The curve is thus of the same general shape as an absorp- 
tion curve for silver bromide. This is shown by a broken 
line in fig. 1. It is probable that there would be a much 
closer similarity between the photographic curve and an 
absorption curve for the whole emulsion of silver bromide 
and gelatine. : 

As the values given in column 3, Table I., and plotted in 
fig. 1, give the photographic effect for equal ionizations pro- 
duced by the beams in a few centimetres thickness of air, _ 
they give us little idea of the relative photographic effects 
produced in equal times by beams of equal intensity ; for, of 
course, the more absorbable radiations produce much larger 
ionizations in an electroscope which absorbs only a small 
fraction of the radiation passing through it than do the more 
penetrating radiations of equal intensity. If we assume that 
the total energy of a beam is proportional to the total number 
of ions it produces in a given gas when completely absorbed 
—an assumption which is probably not far from the truth 
for the radiations considered,—the relative photographic 
effects of beams of equal intensity are given by the product 
of the numbers in columns 2 and 3 of Table I. 

The penetrating radiations of course produce small photo- 
graphic effects owing to the small amount of energy absorbed. 

The effect of the secondary radiations from other elements 
in the emulsion will probably be shown by adding salts con- 
taining heavy elements. We intend to make a more complete 
investigation of the subject. 


King’s College, London. 
Note.—I wish to express my thanks to the Solvay Inter- 
national Physical Institute for a grant in aid of these 


researches.—C. G. B. 
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XXXII. The Apophorometer*. By J. Jory, F.RS.t 


\ HEN recently looking over some of my records of 
experimental work dating back to 1885-86, I came 
across a suggestion of an apparatus which, as I now believe, 
deserves to be disinterred and suitably named. The name 
at the head of this paper means a measurer of sublimates. 
The instrument is, in fact, one for enabling sublimates 
obtained from substances at high temperatures to he collected 
in their entirety and weighed on the chemical balance for 
purposes of chemical analysis, identification, or research. 
The apophorometer is a very simple instrument. A ribbon 
of thin platinum, about 6 cm. in length and 4 or 5 mm. in 
width, is stretched between two forceps which are provided 
with binding-screws so that a current can be sent through 
the ribbon, raising its temperature to any desired degree up 
to the melting-point of platinum. One of the forceps is 


movable parallel to itself, and is so acted on by a light spring 
that the ribbon is kept stretched. The substance to be 
volatilized is placed in the form of powder upon the ribbon 
or hob. Beneath the ribbon a watch-glass is held in position 
by a support which can be raised or lowered or rotated to 
one side. When this watch-glass is in contact with the 
ribbon a second watch-glass is placed on the lower one. 
The ribbon is, thus, enclosed between the glasses for nearly 
its entire length. Over all a receiver fits enabling an 


* ’anogopa (aropépw): a sublimate. I owe the suggestion of this 
name to Professor Henry H. Dixon, F.R.S. 
+ Communicated by the Author. 
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indifferent gas to be introduced around the heated substance 
or a vacuum to be established. 

The procedure is as follows :—The lower watch saaee is 
raised till it is in contact with the ribbon. From 5 to 30 
milligrams of the substance are distributed over the ribbon 
so as to extend nearly over its entire length. The upper 
glass is then laid on. Allis now ready for “the experiment. 
In some cases it is desirable to weigh the platinum ribbon 
before placing it in position. And, again, in some cases it 
is advisable to make a preliminary experiment on a portion 
(not weighed) of the powder in order to observe the be- 
haviour of the substance. 

A current is now passed through the ribbon and gradually 
increased. It may be that more than one sublimate is 
obtainable from the substance by careful regulation of the 
temperature ; or it may be that only the one is s to be expected, 
and the residue being non-volatile very great care in raising 
the temperature is unnecessary. When the sublimate is 
coming off freely the high temperature is maintained un- 
altered for from 10 to 15 minutes or until the sublimation 
is seen to be completed. ‘The current is then cut off 
and the glasses let cool; but while still considerably above 
air-temperature the upper glass is lifted off, the lower one 
let down and removed, and both glasses are clipped together 
for weighing. This is important, as some sublimates are 
hygroscopic. It is well to use watch-glasses which are 
ground to meet accurately. 

I have assumed that the presence of oxygen is not injurious. 
In many cases it is not. If it is, the receiver must be taken 
into use and the air excluded. 

If there is any uncertainty as to the completion of the 
process, a second pair of watch-glasses should be placed 
around the ribbon and the current again turned on. We 
can thus make sure that the volatile constituent has been 
completely removed. 

The whole process is one of ease and simplicity. In most 
cases the nature of the sublimate is anticipated, and in others 
its character enables it to be determined ; and, of course, 
chemical tests may be applied to it after its weight has been 
ascertained. Knowing the nature of the sublimate, the 
combined oxygen may be calculated out. 

The weight of residue left upon the ribbon is in some 
instances of importance. But it is necessary to bear in 
mind that the residual element may be oxidized in those 
cases where access of oxygen has been permitted. It 
will sometimes be found that from this cause the residue 
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may actually weigh more than the original sample of the 
substance. 

Certain substances may alloy with the platinum and, owing 
to the extreme thinness of these wide ribbons, cause it to 
fuse. These may be dealt with either on heavier platinuin 
ribbon or on carbon. Moulded strips of carbon would, 
doubtless, be obtaimable. In point of temperature-range 
carbon has also advantages, but this is of minor importance, 
for there are few sublimates not obtainable by the use of 
platinum. I[t should be remembered that ordinary carbon 
may contain volatile impurities. If we desire to deal with 
very high temperatures, the watch-glasses should be otf 
transparent vitreous silica. 

I will now quote a few recent results as illustrating the 
uses of the apophorometer. 


Clausthalite. PbSe. Pb 72°43; Se 27°76. Weight taken 
21°5 mgrins. 

(1) The substance fused at a very low red heat, and a 
brick-red sublimate collected (Se). Weight of sublimate 
6°2 mgrms. 3 

(2) The residue on the ribbon presented the appearance of 
hitharge. A reheating at former temperature gave no 
further sublimate. But when the temperature was brought 
to a full red a copious white sublimate was formed. Weight 
12°4 mgrms. : 

Some litharge still adhering to the ribbon, this was 
weighed and found to weigh 6°6 mgrms. 

Taking the sublimate as PbO and the residue as approx- 
imating to the same composition, we have Pb=17°6 and 
_Se=6°2. On the formula the weights should be Ph=15°6 ; 
Se=5°9. This was the first gravimetric experiment on 
sublimates which I made. 


Proustite. Ag; AsS;. Ag 65-4; As15°2; 819-4. Weight 
taken 11:3 mgrms. 

(1) At a temperature below visible red a rapidly formed 
white sublimate collected (As,O,). Weight 2°1 mgrms. 

(2) No further sublimate was obtained at temperature 
of (1). The residue was a blackish slag suggesting Ag.S. 
Raised to a dull red the residue slowly whitened and took on 
a metallic lustre (Ag). A very small trace of whitish sub- 
limate also appeared. On weighing the ribbon the silver 
‘was found to amount to 8°3 mgrms. ) 

Taking the white sublimate as As,O, we have As=1°5. 
Also Ag=8°3. By difference 1:5 mgrms. of 8 have passed 


304 Prof. J. Joly on the Apophorometer. 


off as SO,. On the formula the weights should be Ag=7-4; 
As=1'7; S=2°2. In Nature considerable departures from 
the theoretic proportions occur in substances such as the 
above. 


Niccolite. NiAs. Ni43°9; As56-1. Weight taken 26°5mgrms. 


At a sub-red heat a white sublimate of As,O, was formed. 
Weight 16°7 mgrms. This contains 12°7 mgrms. of As, and, 
by difference, Ni=13°8. On the formula As=14°8 and 
Nir 

In this experiment the precaution of reheating was not at 
first carried out. The result shows a deficiency of As, and 
it was afterwards found that more sublimate was obtainable 
from the residue. A fresh experiment was made :— 


Miecolite, as above: weight taken 30 mgrms. 


(1) Raised to dull red; weight of sublimate obtained 
22:1 mgrms. (2) No further sublimate formed. 

From this As=16°7 merms., and, by difference, Ni=13°3 
mgrms. From the formula the quantities should be As=16'8; 
Nala 


Sylvanie. (Au, Ag) Te. Ag 13°4; Au 24:5; Te bone 
Weight taken 9:2 mgrms. 

(1) At a sub-red heat a grey-black sublimate formed: 
weight 1-4 mgrms. The temperature was now raised to full 
red, when a copious sublimate of a white colour came off, 
Weight 4:9 mgrms. No further sublimate was obtainable 
up to an orange-yellow heat. 

There can be little doubt that the iron-black sublimate is 
the monoxide TeO, and that the white sublimate is the 
dioxide TeO,. On this view 5°3 mgrms. of Te have been 
obtained. By difference (Au, Ag)=3°9 mgrms. The formula 
attords) Te 5°6 ; (Au, Ac)=5°6 when Aue Ap ae 

This experiment suggests that a part of the Te is more 
loosely combined than the rest, and hence passes into that 
oxide which is formed at the low temperature. It may be 
that this part is associated with one of the two metallic 
elements present. The proportions in which Ag and Au 
occur in sylvanite vary considerably; the goldjbeing, however, 
always predominant in weight. This would imply that a 
selenide of silver represented the more unstable body. Some 
confirmation of this is found in the fact that at the conclusion 
of the first heating the appearance of the residue suggested 
the complete separation of the metallic silver ; there was less 
evidence for the separation of gold. At the conclusion of 
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the experiment the latter element is abundantly present. 
The silver appears as a brilliant frosting, the gold in fibres 
and, perhaps, crystals. 


Bornite. Cuz Fe 83 (variable). Weight 25°6 mgrms. 


At lowest red heat SO, emitted ; recognized by the odour. 
Oily drops were formed on the glasses, [This liquid was 
found to be a strong acid and is doubtless H,SO,, the 
water being obtained mainly from the atmosphere.| The 
residue fuses and gives off no further sublimate up to a 
bright yellow heat. Loss of weight found to be only 
2 merms. 

Bornite (as above).—The last result suggested a gain in 
weight by the oxidation of the residue. To test this another 
quantity (18°5 mgrms.) was roasted én a weighed ribbon in 
free air. The result was an increase of weight by a fraction 
of a milligram. This substance should be dealt with in the 
absence of oxygen. 


Realgar. As.So.—Although heated at a very carefully 
oraduated temperature, the substance did not appear to 
decompose generally into S and As. There was some 
liberation of S, however, the characteristic odour of SO, 
being detectable. As the heating continued the remarkable 
effect was observed of a deposit of what was evidently 
orpiment on the upper glass and of realgar on the lower. 
Examination with the microscope showed that the minute 
globules composing the realgar were in general considerably 
larger than those composing the orpiment. There were also 
beads of a black vitreous substance on the ribbon : probably 
As. ‘There has, therefore, been a loss of S and some 
separation of As and a redistribution of the S so that the 
trisulphide As.S3; (orpiment) is formed along with the 
realoar. The gravitational separation of the two sulphides 
is remarkable. 


Embolite. Ag (Cl, Br).—This melted to an oily brown 
liquid which appeared to sublime bodily. The whole of 
the sublimate was easily soluble in strong ammonia. The 
platinum was left clean. 


Tetradymite. Bi, (Te, $)3. Bi 51:9; Te 48:1; S small in 
amount or absent. Weight taken 27-1 mgrms. 


(1) Black-grey sublimate formed at a sub-luminous tem- 
perature. It was allowed to collect for 10 minutes. Weight 
2-3 megrms. | 
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(2) No further black sublimate could be obtained at the 
former temperature. Raised to a full red, a white sublimate 
collected. The sublimate after 20 minutes’ heating was 
removed and weighed: weight 6°4 mgrms. 

lf the black sublimate be TeO and the white be TeQ,, the 
weight of Te is 7°3 mgrms. 

The residue on the ribbon was of a yellow colour and was 
fluid at the final temperature. The weight of it was found 
to be 24°7 mgrms. Assuming that it is Bi,O; the weight of 
Bi is 22°2 mgerms. The added weights are about 8 per cent. 
too great. As for the proportions, the mineral is variable 
in composition, and species exist closely resembling it in 
appearance which are also bismuth telurides but with largely 
preponderating amounts of bismuth, e. g. joséite and 
wehrlite. ; 


Smaltite. CoAs., Co28°2; As71°8. Weight taken 15:2 mgrms. 


A white sublimate at very low red heat. The lower glass 
broke before the experiment was quite completed. Weight 
of sublimate 9°8 mgrms. This is As,O, and contains 7°3 
merms. of As, or 49 per cent. This being too little ac- 
cording to the formula, a second experiment was made on 
the same specimen : 

Smaltite, as above; weight taken 25 mgrms. Care was 
taken to complete the sublimation. Result 54:4 per cent. 
of As. 

Hence the first experiment is sustained. A borax bead 
made with the residue on the platinum gave a muddy brown 
colour. The substance, although labelled smaltite and greatly 
resembling that ore, cannot be the cobalt arsenide. This 
specimen was from the collection in Trinity College. It was 
resolved to try one from another source. 

Smaltite, specimen recently purchased from an American 
dealer and labelled with the formula (Co, Ni) As. which 
should give the same proportion of As as before. 

Weight taken 22°1 mgrms. Total weight of sublimate 
obtained after raising to a yellow heat, 15-6 mgrms. or 11°38 
merms. of As. This is 54 per cent. The weight of the 
residue was found to be 12°4 mgrms. This, which is black 
in colour, is doubtless (o3;0, and contains 9°3 mgrms. of the 
metal. The added weights come to 21:1 mgrms. It is 
noteworthy that this corresponds very nearly to the formula 
(Co, Ni) As. It seemed possible that these smaltites corre- 
spond to the highly nickeliferous varieties having the 
formula RAs+RAs. which have been recorded with as 
little as 58 per cent. of As. As it was desirable to deal with 
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a more normal specimen, one was chosen which gave the 
characteristic cobalt bead with borax. 

Smaltite highly cobaltiferous. Weight taken 14:7 mgrms. 
As in the case of the other smaltites there was some de- 
flagration at very low red heat and a copious sublimate 
collected. This white sublimate weighed 13:2 mgrms. and 
contained 10:1 mgrms. of As. The weight of the residue, 
which was a very dark ash-red colour, was 7:2 mgrms. 
Tf this is Co,O, it contains 5°4 mgrms. of Co. The added 
weights amount to 15-4 mgrms. and the As found was just 
70 per cent. of the weight dealt with, and therefore agrees 
with the formula. 


Molybdenite. MoS;. S40; Mo60. Weight taken'20°8 mgrms,. 


Having found by trial that only SQ, was evolved at a low 
red heat, the substance was roasted with the upper glass 
removed. A crystalline residue of MoS; remained on the 
ribbon. This was swept off and weighed: =19-1 mgrms. 
Hence Mo=12°7 and S=8'l by difference. The formula 
gives Mo 12°5; 8 83. 

Argentite. AgS. Ag 87:1; 8 12°9. Weight taken 14-1mgrms. 

At acherry-red heat SO, escaped and Ag was left. This 
was swept into the lower glass and any still adhering silver 


sublimed off the ribbon. Weight of Ag=12°4 and, by 
difference, S=1°7. On the formula Ag=12°3; S=1°8. 


These few initial results will be sufficient to illustrate the 
applications and uses of the apophorometer. I do not think 
there is any doubt that for rapid determination of mineral 
species it will be found of use. Percentage estimates as 
cited above would take many hours to obtain by the ordinary 
processes of chemical analysis. A good result can easily be 
obtained in an hour by the apophorometer and on a very 
few milligrams of material. A very large number of mineral 
species may be partially analysed by its means and, by 
weighing and qualitatively testing the residue, complete 
analyses can, in many cases, be obtained, to a degree of 
accuracy sufficient for determining the species or investigating 
new ones. 

But it will, I think, be found that something more than 
the discrimination of substances, mineral or other, may be 
accomplished with it. We can by its means determine the 
relative stabilities of the constituents of many volatile com- 
pounds at high temperatures. It is.not improbable that 
light will in this way be thrown on the internal constitution 
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of the substance. An instance in point seems to be forth- 
coming in the case of the telurides dealt with above. 

With further experience there will be more to be said 
about the uses of this instrument. I hope to deal with its 
applications in a more systematic way in another paper. 
The temperature at which the sublimates are given off 
should be determined. In my earlier work, before I used 
the expansion of platinum (as in the meldometer) and 
employed carbon or platinum for the hob, I determined 
temperature by optical pyrometry or by electrical resistance. 
The first method has the fatal objection, as regards the 
apophorometer, that some of the most useful temperatures 
are sub-luminous. The second is very troublesome. In 
the case of the apophorometer I find the readings of the 
amperemetre afford the temperature to a sufficient degree 
of accuracy. It is only cequisite to use in every case 
platinum or carbon of the same length and cross-section. 
In the case of platinum this, I find, presents no difficulties. 
By observation of the melting of a few substances of known 
melting-point, placed on the hob under exactly the same’ 
conditions as obtain when au ordinary experiment is being 
made, and .simultaneous observations of the current, a 
graph is readily constructed which gives 'the approximate 
temperature corresponding to any strength of current. 

The uses of the apophorometer are not by any means 
restricted to gravimetric measurements. All that class of 
work which | formerly assigned to the meldometer and 
which does not call for microscopic observation and accurate 
temperature readings, can be effected by its means. The 
brief summary of this work, which appears in a former 
paper *, may be reprinted here ; for although other work on 
the meldometer has been since carried out in my laboratory 
and elsewhere, this subsequent work has, so far as I know, 
been largely restricted to the revision of melting-points. 
The earlier summary of qualitative work is, I think, still 
fairly comprehensive. In what follows we may read at 
pleasure “ apophorometer ” for ‘‘ meldometer.” 


‘¢ SUBLIMATION. 


‘This apparatus affords a means of obtaining sublimates 
much transcending the blowpipe (used either with carbon 
or aluminium) in delicacy, range, and purity. Sublimates 


* Joly, “ The Uses of the Meldometer,” Proc. Royal Irish Academy, 
3rd ser. vol. xi. No. 1, May 1891, p. 44 e¢ seq. 
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may, in fact, easily be obtained from substances which 
treated in the blowpipe would appear to afford none, as will 
appear. The mode of procedure is as follows :—A circular 
cuver-glass—not too thin—grasped in a forceps, is held 
horizontally above the platinum ribbon, as the temperature 
is being raised. If the sublimate is one which oxidizes, we 
obtain the oxidized sublimate alone; or the unoxidized 
sublimate bordered by the oxide, according as we hold the 
glass further from or nearer to the ribbon. 

‘‘The more volatile elements often afford as sublimates 
both the element and an oxide of it. Tne elemental sub- 
limate may often be obtained nearly pure by suitably 
regulating the temperature. Thus, at low temperatures 
arsenic sublimes as a rich grey-black sublimate, showing 
the mirror when viewed through the glass. At a higher 
temperature, especially if the glass is held ata distance of 
three or four centimetres above the ribbon, the white 
oxide—the trioxide—only is obtained. Sometimes both 
element and oxide are together on the one glass, affording 
an ‘eye, the pupil of which is the element. This results 
from the screening action of the outer parts of the ascending 
column of vapour, the central parts being, in fact, sublimed 
in the absence of oxygen, which is all absorbed in the outer 
layers of the vapour. Magnesium affords similar eyes sur- 
rounded by the white oxide, or in many cases veiled over 
by it, so that the dark metal is only seen through the glass. 
The great avidity of this element for oxygen is shown in 
this fact. Zin also affords ‘eyes.2. Thalliwm throws a rich 
black velvety sublimate, fringed with deep ash-red (the 
oxide ?). This is a very beautiful sublimate, but very 
fleeting, the black soon fading into a pale greyish-brown 
colour. If immediately enclosed from the air it retains its 
original tints a longer time. Cadmium may also be sublimed 
as the metal and its oxide. Jndium aftords a white sublimate, 
dashed with pink and yellow. ; 

“While the metal is thus sometimes obtained with the 
oxide it more generally affords the oxide only. ‘This is the 
case, so far as I have observed, with vanadium, lead, wolfram, 
bismuth, tellurium, zine, and antimony. But, again, some- 
times the element appears to sublime without oxidizing. 
Thus silver affords a grey-black veil of the metal, iridescent 
where thinly deposited. Gold is also sublimed. Sulphur 
is another case, the oxide being a gas at atmospheric 
temperatures. Mercury gives a sublimate of a grey colour, 
consisting of globules of the element. 
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“As regards compounds, the command we have over the 
temperature in the meldometer enables many very distinct 
separations to be effected. Thus, dealing with realgar, at 
low temperatures, the substance is sublimed in a rich yellow 
sublimate. Somewhat higher a decomposition is effected, 
the free arsenic showing as a white sublimate of the oxide 
round an eye of sublimed realgar. As the temperature rises 
the effect is more and more that proper to arsenic only, the 
liberated sulphur not appearing ; but the eyes remain most 
generally distinctly touched with realgar. Orpiment behaves 
ina similar manner. Pyrargyrite, a compound of silver and 
antimony sulphides, throws off the antimony first in a rich 
white sublimate of the oxide, touched more or less with a 
pale pink cloud, probably the unaltered compound. A bead 
of silver is left upon the ribbon, which ultimately volatilizes 
to the grey-black sublimate of silver. Clausthalite, the 
selenide of lead, affords first a sublimate of selenium, a fine 
ash-red ; this then becomes veiled over and intermixed with 
the rich yellow and whites of the lead oxides, so that a 
very beautiful marbling is produced, which shows stronger 
tints of red seen from the back of the glass than from the 
front. 

“Many such effects are seen in a similar order with the 
blowpipe, but are not produced with the ease, certainty, and 
cleanliness obtaining with the meldometer. Tests may very 
conveniently be applied to these sublimates as they repose 
upon the glass, in the knowledge that the only addition to 
the original substance can be oxygen. Sublimates also may 
be obtained from very minute quantities of the substance. 
This is an advantage in more ways than one..... 

“But the meldometer is capable of affording sublimates 
which the blowpipe very certainly will not reveal. Thus, 
for example, tourmaline affords a pale whitish-yellow sub-- 
limate, the nature of which I have not determined ; and 
enstatite volatilizes at the highest temperatures obtainable,. 
very nearly, giving a pale brown sublimate. An addition 
may be made to this form of the meldometer, which will 
permit of sublimates being obtained in the absence of free 
oxygen.” 

[ Here follows the description of a closed sublimation vessel 
with tubulures by which an indifferent gas may be admitted 
and which has glasses supported both above and below 
the ribbon for catching the sublimate.] ‘‘ In this manner: 
sublimates of realgar and arsenic may be made to afford the 
unoxidized substances.” 
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‘¢ Pyro-CHEMISTRY. 


“‘ Before passing from the subject of the secondary uses to. 
which this form of the meldometer may be put, it remains 
to add that much of the pyro-chemical work done with the 
blowpipe may with greater ease and delicacy be effected 
upon the meldometer. Thus, glasses with microcosmic salt 
or with borax may be made readily upon the ribbon, the 
colours produced being well seen, and that, too, however 
deep in tint, where they thin out at the ends along the bright 
platinum stri ip. 

“Again, abandoning the use of the ribbon, we may 
substitute a platinum wire carrying a loop at its centre, 
and clamping it in the forceps, form beads of great beauty 
of the usual form from the action of the hot wire. These 
may be observed, under the microscope, while hot. Changes 
of colour, often so characteristic, are very distinctly observed 
through the microscope [ or lens] directed upon the platinum 
ribbon. For example, the changes of tint of a glass formed of 
copper oxide (CuO) with borax, coating the ribbon, as the 
temperature is slowly raised, is from a fine blue through every 
gradation of tint to a greenish yellow. The command we. 
possess over the temperature enables these successive changes 
to be very readily observed. Similarly, the oxidizing effects 
of the blowpipe may be obtained by addition of oxidizing 
substances, such as potassium nitrate. Thus, as with the 
blowpipe, a glass formed of the sesquioxide of cerium and 
microcosmic salt which is a pale yellow when hot, passing 
to colourless when cold, may by the addition of KNOg,, 
be intensified to a vivid yellow when hot, to colourless 
when cold. By the use of reducing agents deoxidation 
may, of course, be effected. In this way a mixture of 
cupric oxide with carbonate of soda and cyanide of 
potassium yields, first the lower cuprous oxide as a trans-. 
parent red crystalline body, and finally the metal which 
alloys with the platinum. The most minute quantities may 
be used.” 


Iveagh Geological Laboratory, 
Jan. ive 1913. 


XXXIV. Heating Effect of Radium and its Emanation. By 
Prof. E. Rutaerrorp, F.A2.S., and H. Ropinson, I.Se., 
Demonstrator and Assistant Lecturer in the University of 
Manchester * 


INCE the initial discovery of the rapid and continuous 
emission of heat from radium by P. Curie and Laborde 
in 1903, a number of investigations have been made by 
various methods to determine with accuracy the rate of 
emission of heat. Among the more important of these may 
be mentioned the Oe timearion of Curie and Dewar ft by 
means of a liquid air and liquid hydrogen calorimeter ; of 
Angstrom {; and of Schweidler and Hess § by balancing the 
heating effect of radium against that due to an electric 
current; and of Callendar|| by a special balance method. 
It is difficult to compare the actual values found on account 
of the uncertainty as to the relative purity of the radium prepa- 
rations employed by the different experimenters. The most 
definite value is that recently obtained by Meyer and Hess { 
using part of the material purified by Hoénigschmid in his 
determination of the atomic weight of radium. As a result 
of a series of measurements, they found that 1 gram of 
radium in equilibrium with its short-lived products produces 
heat at the rate of 132°3 gram calories per hour. 

Rutherford and Barnes ** in 1904 made an analysis of the 
‘distribution of the heat emission between radium and its 
products. They showed that less than one quarter of the 
heat emission of radium in radioactive equilibrium was due 
to radium itself. The emanation and its products, radium A, 
B, and C, supplied more than three quarters of the total. 
The heating effect of the emanation was shown to decay 
exponentially with the same period as its activity, while the 
heating effect of the active deposit after removal of the 
emanation was found to decrease very approximately at 
the same rate as its activity measured by the a rays. The 
results showed clearly that the heat emission of radium was a 


* Communicated by the Authors. This paper was read before the 
KK. Akad. d. Wissenschaft. in Wien, July 4, 1912, and published in the 
Wien. Ber. October 1912. 
f+ Curie and Dewar, Mme. Curie, Recherches sur les substances radio- 
actives, p. 100, 2me Edition, Paris, 1904. 


t Angstrom, Ark, f. Mat. Astr. och Fysik, i. p.582 (1904); ii. No. 12 
(1905) ; Phys. Zeit. vi. p. 685 (1905). 
: Schweidler and Hess, Wiener Berichte, 117, p. 879 (1908). 
| Callendar, Phys. Soc. Proc. xxiii. p. 1 (1910). 
i Meyer and Hess, Wiener Berichte, 121, p. 603, March 1912. 
** Rutherford and Barnes, Phil. Mag. vii p. 202 (1904). 
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necessary consequence of the emission of « rays, and was 
approximately a measure of the kinetic energy of the expelled 
a particles. If this were the case, all radioactive substances 
should emit heat in amount proportional to the energy of 
their own radiations absorbed by the active matter or the 
envelope surrounding them. This general conclusion has 
been indirectly confirmed by measurements of the heating 
effect of a number of radioactive substances. Duane * showed 
that the heating effect of a preparation of polonium was of 
about the value to be expected from the energy of the 
a particles emitted, while the experiments of Pegram and 
Webb + on thorium and of Poole ft on pitchblende showed 
that the heat emission in these cases was of about the 
magnitude to be expected theoretically from their activity. 

It is of great interest to. settle definitely whether the heat 
of radium and other radioactive substances is a direct 
measure of the energy of the absorbed radiations. Since 
the emission of the radiations accompanies the trans- 
formation of the atoms, it is not a priori impossible that, 
quite apart from the energy emitted in the form of «, B, or 
y rays, heat may be emitted or absorbed in consequence of 
the rearrangements of the constituents to form new atoms. 

The recent proof by Geiger and Nuttall § that there appears 
to be a definite relation between the period of transformation 
of a substance and the velocity of expulsion of its « particles, 
suggests the possibility that the heating effect of any a-ray 
product might not after all be a measure of the energy of the 
expelled a particles. For example, it might be supposed 
that the slower velocity of expulsion of the « particle from a 
long-period product might be due to a slow and long- 
continued loss of energy by radiation from the « particle 
before it escaped from the atom. If this were the case, it 
might be expected that the total heating effect of an 2-ray 
product might prove considerably greater than the energy of 
the expelled « particles. 

In order to throw light on these points, experiments have 
been made to determine as accurately as possible:— 

(1) The distribution of the heating effect amongst its three 
quick-period products, radium A, radium B, and radium © 

(2) The heating effect of the radium emanation. | 


* Duane, Comptes Rendus, cxlviii. p. 1665 (1909). 

+ Pegram and Webb, Phys. Rev. xxvii. p. 18 (1908). 

{ Poole, Phil. Mag. xix. p. 314 (1910). 

§ Geiger and Nuttall, Phil. Mag. xxii. p. 613 (1911); xxiii. p. 439 
(1912); xxiv. p. 647 (1912). 
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(3) The agreement between the observed heat emission of 
the emanation and its products and the value calculated on 
the assumption that the heat emission is a measure of the 
absorbed radiations. 

(4) The heating effect due to the @ and vy rays. 

It was also of interest to test whether the product 
radium B, which emits no «rays but only 6 and y rays, 
contributed a detectable amount to the heat emission of the 
active deposit. 


Method of Experiment. 


In order to test these points, it was essential to employ a 
method whereby rapidly changing heating effects could be 
followed with ease and accuracy. A sufticient quantity of 
radium emanation was available to produce comparatively 
large heating effects. Jt was consequently not necessary to 
employ one of the more sensitive methods for measuring small 
heating effects, such as have been devised by Callendar and 
Duane. 

The general arrangement was similar to that employed in 
1904 by Rutherford and Barnes for a like purpose. Two 
equal coils, P, P, fig. 1, about 2°5 cm. long, were made of 
covered platinum wire of diameter °004 cm. and length 
100-300 cm., and wound on thin glass tubes of 5°5 mm. 
diameter. These platinum coils of nearly equal resistance 
formed two arms of a Wheatstone bridge, while the ratio 
arms consisted of two equal coils, M, M, of manganin wire, 
each of about the same resistance as the platinum coils, and 
wound together on the same spocl and immersed in oil. The 
platinum coils had a resistance varying between 15 and 
45 ohms in the various experiments. The glass tubes on 
which the platinum coils were wound were placed in brass 
tubes passing through a water-bath. When a specially 
steady balance was required, the water-bath was completely 
enclosed ina box and surrounded with lagging to reduce 
the changes of temperature toa minimum. In most of the 
experiments the correction for change of balance during 
the time of a complete experiment was small and easily 
allowed for. By means of an adjustable resistance in parallel 
with one of the coils, a nearly exact balance was readily 
obtained. A Siemens and Halske moving-coil galvanometer 
was employed of resistance 100 ohms. This had the sen- 
sibility required, and was found to be very steady and proved 
in every way suitable. 
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The current through the: platinum coils never exceeded 
1/100 ampere, and was generally abont 1/200 ampere. 

A calibration of the scale of the galvanometer was made 
by placing a heating-coil of small dimensions of covered 
manganin wire within one of the platinum coils, and noting 
the steady deflexion when known currents were sent through it. 


j 
( 
\ 


< 


Ta aaiil, 


238) 


! 
‘i 


fre axe eee 


aaa ST 


SSPE ATES 


~~ 
@torerceesets2ss 


oeeressoesases 


it was found that the deflexion of the galvanometer from the 
balance zero was very nearly proportional to the heating effect 
of the manganin coil, for the range of deflexion employed, 
viz. 400 scale-divisions. The deflexion thus served as a direct 
measure of the heating effect. 
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Distribution of the Heat Emission between the EHmanation 
and its Products. 


A quantity of emanation of about 50 millicuries was intro- 
duced into a thin-walled glass tube T (fig. 2) connected by 
acapillary tube C to a small stopcock S. The tube was 
attached to a mercury-pump by the aid of which the ema- 
nation could be purified and compressed into the emanation- 
tube. The position of the latter was adjusted to lie in the 
centre of one of the platinum coils. 


To fone 
a 


As it was necessary to leave the emanation for about 
5 hours in the tube for equilibrium to be reached with its 
successive products, it was desirable to arrange that the 
emanation-tube could be removed outside the water-bath at 
intervals to test for any change in the balance. The ema- 
nation-tube was kept fixed to the pump, but the water-bath 
was moved backwards along the direction of the axis of the 
emanation-tube. Hor this purpose, the water-bath was 
mounted on metal guides, and was moved backwards or 
forwards by means of a screw. 

The general procedure of an experiment was as follows. 
The balance was adjusted as nearly as possible and the tube, 
which had been filled with emanation for more than five 
hours, was introduced within the platinum coil. In about 
ten minutes a steady deflexion of the galvanometer was. 
obtained, proportional to the heating effect of the emanation. 
The emanation was then suddenly expanded into the exhausted 
pump by opening the stopcock 8, and condensed in a U-tube 
by liquid air. The removal of the emanation caused a rapid 
decrease of the deflexion, followed by a slower decrease due 
to the decay of activity of the deposit. Observations of the 
deflexion were continued in some experiments for over two 
hours. in this time the heating effect had decayed to about 
6 per cent. of the initial value. At the conclusion of the expe- 
riment, the emanation-tube was removed and the balance point 
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again obtained. Special experiments showed that any change 
of balance was very slow and regular, so that a correction of the 
readings for the small change of balance during the observa- 
tions could be made with accuracy. The readings of the 
galvanometer were remarkably steady, and observations of the 
detiexion could be made to about } of a scale-division. 

A typical example showing the variation of the deflexion 
With time for the first 18 minutes after removal of the 


emanation is shown in fig. 3, curve H+A+B+C. 
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MINUTES. 


On account of the lag of the apparatus, the deflexion of 
the galvanometer at any moment is always greater than cor- 
responds to the heat emission of the emanation-tube. A 
number of experiments were made to determine the amount 
of thislag. For this purpose a manganin coil was wound on 
a glass tube of the same size and thickness as the emanation- 
tube T and introduced into the platinum coil. <A current 
from an accumulator was sent through this coil so as to give 
an effect of about the same magnitude as that of the emanation 
used in the experiments. The circuit was then broken and 
the decrease of deflexion with time was noted. For this 
coil the deflexion fell to half value in about 45 seconds, and 
after that decreased approximately according to an expo- 
mential law with a half-value period of about 30 seconds. 
The lag of the manganin coil was found by experiment to be 
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slightly greater than the lag of the bare emanation-tube. It 
was found that for a slow decrease of heating effect the 


deflexion lagged about one minute behind the actual heat. 
emission. 


Analysis of the Curve. 


The curve given in fig. 3 is typical of a number of curves 
obtained which agreed closely with one another. The re- 
lative heating effects of the emanation and its products can 
be deduced from the observed curve by comparison with the 
theoretical curve of decay of the components of the active 
deposit. 

The heating effect of the emanation itself has practically 
disappeared three minutes after its removal. The variation 
of the heating effect of the tube C resulting from the 
removal of the emanation alone is shown in the dotted side 
curve EH EH, where the maximum heating effect is taken as 
29 per cent. of the total. This curve was deduced from a 
knowledge of the cooling curve of the tube under the 
experimental conditions when heated above its surroundings. 

After subtracting the heating effect due to the emanation 
alone, the resulting curve A+B+C gives the heating effect 
due to radium A+B+C. After about 20 minutes the 
heating effect due to radium A has practically vanished, and — 
the effect observed is then due to radium B+C. It was 
found that the curve after 20 minutes followed closely 
the theoretical curve to be expected if the heating effect was 
provided mainly by radium C. Assuming this to be the case, 
the heating effect due to radium C alone is shown by the 
eurve CC, which cuts the axis of ordinates at 40. A lag 
of 1 minute is assumed between the observed and true 
heating effects after 20 minutes. The difference of the 
ordinates of the curves A+B+OC, and CC, must be due to 
the heating effect supplied by radium A. After an initial 
lag, the heating effect of radium A should ultimately decay 
exponentially with its known period of transformation, viz. 
3 minutes. This is shown clearly in the curve of fig. 4. The 
difference-curve is plotted, allowing an initial interval of 
3 minutes for the emanation effect to decay. Plotting the 
logarithms of the deflexions as ordinates and the time as 
abscissee, the curve is a straight line, showing that the heating 
effect due to radium A decays exponentially with a half-value 
period of 3 minutes. The maximum heating effect of 
radium A was deduced to be 31 per cent. of the total. , 

The variation of heating effect of the emanation-tube with 
time brings out clearly that about 29 per cent. of the initiah 
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heating effect of the tube is due to the emanation alone, 
31 per cent. to radium A, and 40 per cent. to radium B+ C 
together. It shouldbe mentioned thai it is difficult to deduce 
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with certainty the exact ratio of the heating effects due to 
the emanation and radium A on account of small errors in 
the determination of the lag. It is clear, however, from the 
experiments that the heating effects are nearly equal. 

These deductions were verified by another method which 
avoided the necessity of any correction for lag or for galvano- 
meter or scale errors. The emanation-tube was replaced by 
a glass tube of the same dimensions, over which was wounda 
layer of fine insulated manganin wire whose resistance was 
determined. The variation of the heating effect of the 
emanation-tube after removal of the emanation was then 
calculated from the known periods of transformation of 
radium A, B, and ©, assuming that the emanation provided 
29 per cent. of the total, radium A, 31 per cent., radium C, 
40 per cent ‘The current through the resistance-coil to give 
a corresponding heating effect was then calculated, and the 
external resistance to be added in the battery-circuit at any 
moment deduced. The initial amount through the coil was 
adjusted to give nearly the same deflexion of the galvano- 
meter as that due to the emanation. By means of a dial 
resistance-box, the resistance could be rapidly varied to give 
at any moment the required heating effect. For example, to 
imitate the removal of the emanation the resistance was 
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suddenly increased so that the heating effect of the current 
changed to 71 per cent. of the initial amount. 

In this way the variation of the deflexion of the galvano- 
meter to be expected for the assumed distribution of the 
heating effect was directly determined. The values obtained 
are marked by crosses in the main curve fig. 3. Itis seen 

that the observations lie close to the curve throughout the 
whole range. The lag of the resistance-coil was slightly 
greater than that due to the emanation-tube, and in con- 
sequence the initial points le slightly above the curve. The 
agreement between the two curves shows clearly that the 
assumed distribution of heating effect between the emanation 
and its products is in close accord with direct experiment. 

It is seen from the curve fig. 3 that the heating effects due 
to the emanation and radium A have practically vanished 
after 20 minutes, and the remaining heating effect is due to 

radium B and radium © together. 

A number of experiments were made to test whether 
radium B provided an appreciable part of the heating effect 
observed. For this purpose the decay of the heating effect 


was carefully followed for about three hours after removal of 


the emanation and the results compared with those to be 
expected theoretically for any assumed distribution between 
the heating effects of radium B and radium C. The decay 
curve observed was found to agree closely with that to be 
expected if all the heating effect arose from radium C alone. 
The experiments were rendered difficult by the fact that a 
small fraction of the emanation adhered to the walls of the 
emanation-tube, and was gradually released during the time 
of the experiment. The effect of this became appreciable 
after two hours, when the heating effect due to radium O had 
decayed to about 14 per cent. of ‘its initial value. 

In addition, the method is not very sensitive, for the decay 
curve over the region examined is not much affected even if 
radium B provides 5 per cent. of the heating eftect of 
radium C. It was concluded from the observations that 
radium B could not provide more than 5 per cent. of the 
heating effect due to radium ©; but for the reasons mene 
tioned the actual percentage could not be deduced with any 
confidence. 


Agreement of Experiment with Calculation. 


The relative heating effects of the emanation, radium A 
and radium C in equilibrium can be readily calculated if it 
be assumed that the heating effect is a measure of the kinetic 
energy of the expelled « particles. Since the expulsion of 
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an a particle causes a recoil of the residual atom, the kinetic 
energy of the latter should be included in the feat lation. 
If m, M be the masses of the « particle and recoil atom 
respectively, and uw, U the corresponding velocities, mu = MU, 
and the kinetic energy of the @ particle and recoil Aon 


is given by bmu2( 14 a) The ratio m/M is slightly less 


than ‘02, so that the heating effect due to recoil is about 
2 per cent. of that due to the « particle itself. 

When the emanation is in transient equilibrium with its 
products, it has been shown * that radium C is in excess of 
the true equilibrium amount by 0°89 per cent., so that a 
slight correction is necessary for this factor. The velocity x 
of the « particle is deduced from the relation found by 
Geiger, w= KR, where Ris the range in air. Taking the 
ranges of the « particles from the emanation and its products 
given by Bragg and correcting for the factors mentioned 
above, it can be simply shown that the heating effect of the 
emanation in transient equilibrium with its products is 
distributed as follows:— 


Hmanation .... 28-8 per cent. 
Mherdiram GA ye a0" 920 2 
acum) ip e4Os 2. 


The experimental values observed are 29, 31, and 40 
per cent. respectively, and thus appear in good accord with 
theory. 

In this comparison no account is taken of the heating 
effect contributed by the 8 rays from radium Band radium C. 
From experiments described later, it appears probable that 
the 8 rays from these two products contributed under the 
experimental conditions about 4 per cent. of the total heating 
effect. It follows that the percentage of the heating effect 
included under radium C should be 42°6 per cent. instead 
of 40°3. 

As the result of a number of observations, the heating 
effect due to radium B+C was found to be certainly not 
greater than 40°5 per cent. and probably nearer 40:0 per cent. 
Tt thus appears that radium C provides slightly less heating 
effect than that to be expected theoretically. While the 
difference between observation and calculation is not large, 
it may prove to be significant; for in making the calcu- 
lations no account is taken of the heating effect of the 
8 rays or of a possible small heating effect due to radium B. 


* Rutherford and Chadwick, Proc. Phys. Soc. xxiv. p. 141 (1912). 
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If the heating effect of radium B were 5 per cent. of 
that contributed by OC, the discrepancy between theory 
and experiment would be quite marked, and would indicate 
that the heating effect of a product was not entirely a 
measure of the energy of the expelled « particles and the 
recoil atoms. 

In order to settle this point with certainty, it would be 
necessary to isolate radium C from radium B, and to measure 
accurately its heating effect. It is hoped to continue expe- 
riments in this direction, for the question to be settled is of 
great importance in connexion with the general theory. 


§ 2. Heating Effect of the Radium Emanation. 


A series of experiments were made to determine accurately 
the heating effect of the radium emanation in absolute: 
measure in order to test how far the calculated heating eftect 
is in agreement with experiment. ‘he general method 
employed was similar to that described in the earlier part of 
the paper. <A quantity of emanation of 100 to 150 milli- 
curies was concentrated in a small glass tube about 2°2 cm. 
long, 2 mm. bore, and of thickness 0°2 mm. This was 
attached to a long thin glass cylinder of small diameter for 
convenience of handling. In order to calibrate the heating 
effect observed, a coil of silk-covered manganin wire about 
127 cm. long and 41°45 ohms resistance was wound uniformly 
for a length of 2-2 em. on a long thin glass tube of 2°5 mm. 
bore. The heating-coil was of exactly the same length as 
the emanation-tube, but in order to make sure that the heat 
distribution was the same for the emanation-tube and for the 
heating-coil, a copper cylinder 2°7 cm. long and 0:2 mm. 
thick was placed over the heating-coil. The whole arrange- 
ment was placed symmetrically in the glass tube of 5 mm. 
bore, over which was wound one of the platinum balance 
cols Ea(iie,) 1). 

The procedure of an experiment was as follows. The 
balance of the platinum coils was accurately adjusted and 
the current through the coils kept constant. The emanation 
tube in equilibrium with the active deposit was introduced 
in the platinum coil in a definite position, and the maximum 
deflexion of the galvanometer observed. A steady deflexion 
was reached in less than ten minutes. The emanation-tube 

was then withdrawn by the glass handle, and a known con- 
stant current froma storage-cell passed through the manganin 
coil to give nearly the same maximum deflexion as that due 
to the emanation. The current was then cut off and the 
emanation-tube again introduced. Alternate measurements. 
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of the heating effect of the emanation and of the current 
were made for a period of two hours. The emanation-tube 
was then removed and the change of the balance in the 
interval determined. The change of balance due to slight 
alterations of the temperature of the room was usually found 
to be quite regular and small, and could be easily corrected 
for if necessary. 

In order to determine the heating effect, it was necessary 
to measure accurately the amount of emanation at any 
moment in the tube and the currentj through the heating- 
coil. The y-ray effect of the emanation-tube at a definite 
time was compared in terms of the Rutherford-Boltwood 
standard by the electroscopic method, and also by the balance 
method developed by Rutherford and Chadwick. The 
authors are indebted to Mr. Chadwick for his kind assistance 
in these measurements. The results obtained by the two 
methods were in good agreement. A correction of 0:3 per 
cent. was made for the absorption of the y rays in the walls 
of the emanation-tube. The heating effect of the emanation 
was assumed to decrease exponentially with a half-value 
period of 3°85 days. This period of decay was verified on 
several occasions by direct measurement of the heating effect. 
The current. through the heatiny-coil was determined by 
measurement of the H.M.F. of the accumulator by a care- 
fully standardized voltmeter, and the total resistance of the 
circuit, 

The measurements of the heating effect made with different 
quantities of emanation were in close accord, and the mean 
of each series of measurements agreed within 1 part in 500. 
In this way it was found that the heating effect of a quantity 
of emanation which gave the same y-ray effect as one gram 
of radium (Rutherford-Boltwood standard) was 95°95 +05 
gram calories per hour under the experimental conditions. 

It is necessary, however, to correct this value to obtain 
the heating effect of one curie of emanation, 2. e. of the 
quantity of emanation in radioactive equilibrium with one 
gram of radium. The amount of the products radium A, B, 
and C in transient equilibrium with the emanation are some- 
what greater than the amounts in equilibrium with the same 
quantity of emanation which is maintained constant. This 
point has been discussed by Moseley and Makower™*, and 
by Rutherford and Chadwick +. The amount of radium B 
is 0°54 per cent. and of radium C 0°89 per cent. in excess of 
the true equilibrium amount. Moseley and Makower showed 

* Moseley and Makower, Phil. Mag. xxiii. p, 302 (1912). 
t Loe. cit 
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that under ordinary experimental conditions, radium B 
provides about 11 per cent. of the y-ray effect due to the 
emanation, and radium © 89 per cent. We have seen 
earlier that radium C contributes about 40 per cent. of the 
heating effect of the emanation. Taking these factors into 
account, it can be deduced that the heating effect of the 
emanation which gives a y-ray effect equal to that of one gram 
of radium is about 0°54 per cent. less than corresponds to one 
curie of emanation in equilibrium with radium. 

The heat emission of one curie of emanation thus reduces 
to 98:5 gram calories per hour in terms of the laboratory 
standard. By the kindness of Professor Stefan Meyer of 
Vienna, the laboratory standard has been compared in terms 
of the pure radium salt prepared by Hoénigschmid. Ex- 
pressed in terms of the Vienna standard, the heat emission 
of one curie of emanation is equal to 103° ) gram calories 
per hour. In the experimental arrangement the @ rays 
traversed a thickness of glass, copper, &c., equivalent to a 
weight of *354 gram per square cm. More than 90 per 
cent. of the ener gy of the @ rays was absorbed and added 
its heating effect to that of the « rays. 


Heating Effect of the 8 and y Rays. 

Before comparing the observed heating effect with the 
calculated value, it 1s necessary to determine how much of 
the heating effect observed is to be ascribed to 8 and ¥ rays. 
A number of experiments were made to form an estimate 
of the magnitude cf these effects. In the experimental 
arrangement described the greater part of the 8 rays was 
absorbed in the glass tubes, heating-coil, and copper tube 
surrounding it. The heating effect under these conditions 
will be taken as 1. Experiments were first made to de- 
termine the alteration of the heating effect when a lead 
eylinder 1:2 mm. thick, which completely absorbed the 
@ rays and some of the soft y rays, was substituted for the 
copper cylinder. Asa result of a series of measurements, 
the heating effect was found to be 1:02. 

A series of measurements were then made to determine 
the heating effect of the y rays. For this purpose about 
4 metres of platinum wire were wound on the outside of two 
similar thin-walled test-tubes of 1:5 em. diameter. Each of 
these was inside a metal cylinder of 6°5 cm. diameter, closed 
at one end and immersed in a water- bath (fig. 5). Each of the 
test-tubes was filled with mercury so that the mercury extended 
about 5 mm. above and below the platinum coil. After the 
balance had been obtained the emanation-tube, surrounded 
by its heating-coil, as in previous experiments, was fixed in 
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the centre of one of the mercury columns and the steady 
deflexion of the galvanometer determined. The thickness of 
mercury trav eased by the rays was 44 millimetres. On 
account of the large quantity of mercury and the distance 
between the platinum coils and the eae cylinder, there 
was a marked lag between the deflexion and the heating 
effect. For example, the deflexion reached half its maximum 


value in ten minutes. 
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It is difficult to determine the heating ie with the same 
accuracy as for smaller coils; but a number of fairly con- 
cordant experiments gave a heating effect of 1:034. Similar 
experiments were made with a thickness of mer cury of 
1-46cm. ‘The deflexion in this case reached half its maximum 
value in 23 minutes. On account of the large lag, the small 
variations in the balance point during the time of observation 
became more important. Suitable corrections were made 
for the lag of the apparatus, and also for the effect of the 
decay of the emanation. Asa mean of several observations 
the heating effect was found to be about 1:05. It is, how- 
ever, difficult to fix the value of the heating effect in this 
case closer than half of one per cent. 

The heating effect due to the y rays from radium could 


be determined with greater accuracy with a preparation of 


radium in equilibrium, for under such conditions there is no 
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necessity, as in the case of the emanation, to take into account 
the decrease of the heat emission of the source. 

It is now necessary to consider what fraction of the energy 
of the 8 rays was absorbed in the arrangement of the heating 
apparatus shown in fig. 1, by which the heating effect of the 
emanation was accurately determined. 

Hve* has made an estimate of the relative energy emitted 
by the a, 8,andy rays from one gram of radium on the 
assumption that the energy of the radiation emitted is pro- 
portional to the total ionization produced. By this method 
he deduced that the 8 ravs from radium contributed about 
2 per cent., and the y rays about 4°5 per cent. of the total 
heat emission. In his arrangement, however, the radium 
was enclosed in a glass tube which must have absorbed a 
considerable fraction of the soft @ rays, and the correction 
for the ionization of these soft rays was uncertain. It was 
thought desirable to repeat the experiments made by Eve, 
using the radium emanation in place of radium, and com- 
pressing the former in a very thin glass tube, which allowed 
the a rays to escape freely. The stopping power of the glass 
tube corresponded to only 2 cm. of air. Mr. Moseley kindly 
assisted in these experiments, a more detailed account of which 
will be published later by Mr. Moseley and Mr. Robinson. 

The method originally used by Eve is very suitable for 
the purpose for which it was designed, and was employed in 
these experiments. ‘he ionization produced by the 8 and 
‘y rays from the emanation-tube in a thin-walled ionization- 
chamber supported in the middle of a room was measured 
for different distances of the tube extending up to 12 metres. 
The ionization current in the chamber was directly measured 
by an electrometer using a balance method. ‘Taking the 
jonization in air due to the a rays from radium in equi- 
librium as 100, the total ionization in air due to complete 
absorption of the 8 rays was about 3°8, and for the y rays 
about 5°2. The ionization due to the y rays is somewhat 
greater than that found by Eve, but the ionization due to 
the B rays is nearly twice as large. In Hve’s experiment 
a large part of the soft @ rays was absorbed in the radium 
tube. By placing over the emanation-tube the copper and 
glass tubes &c. used in measuring the heating effect of the 
emanation, it was found that about 85 per cent. of the total 
ionization due to the B rays was cut out. This was an 
unexpectedly large fraction, but was confirmed in several 
experiments. 

Remembering that the « rays from the emanation and its 
products provide about 80 per cent. of the heating effect due 

* Eve, Phil. Mag. xxii. p. 851 (1911). 
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to the « rays from radium in equilibrium, it follows that the 
heating effect of the 8 and y¥ rays absorbed in the experi- 
mental arrangement described in § 2 was 4:2 per cent. of 
that due to the « rays. This is, of course, based on the 
assumption that the total ionization produced by the e and 
8 rays is a measure of their relative energy. 

From the ionization measurements, it follows that the total 
heating effect of the y rays from the emanation should be 
6°5 per cent. of that due to the « rays. It is difficult to 
estimate with certainty the fraction of the y rays absorbed 
by the thickness of mercury of 1°46 cm., but it was probably 
about 70 per cent. The heating effect of the y rays should 
thus be about 4°6 per cent. of that of the emanation. This 
is in fair accord with the observed increase of heating effect 
of 5 per cent., of which probably about *5 per cent. was due 
to 8 rays. 

It should be pvinted out that the increase of the heating 
effect. of 2 per cent. observed when the copper cylinder was 
replaced by a lead cylinder 1:2 mm. thick, is greater than 
would be expected from the ionization results. The value 
was undoubtedly nearly correct, for it was verified in a 
number of experiments. It is well known that lead shows 
an abnormal absorption for soft y rays, and the heating 
effect observed is no doubt due partly to the absorption 
of the more penetrating 6 rays and partly to the soft y 
rays. The heating effect observed for y rays is in rea- 
sonable accord with the value calculated from the ioniza- 
tion, and indicates that the underlying assumption is not 
much in error. Since the ionization observed for y rays is 
mainly, if not entirely, due to the liberation of @ rays from 
the matter which the y rays traverse, it seems probable that 
the ionization method can be used with confidence to estimate 
also the energy of the 6 rays. 

In 1910 Pettersson* made a number of careful observa- 
tions by balance methods of the heating effect of 6 and y 
rays from a radium preparation. The heating effect of the 
radium preparation was 116°4 when the rays were absorbed 
in 4 mm. of lead, and 114°5 when the lead was replaced by 
aluminium 2 mm. thick. The rays in both cases passed 
through absorbing material equivalent to 4 mm. of aluminium 
before entering the lead or aluminium cylinder. From the 
measurement of ionization, it is clear that the difference is 
due not to the heating effect of the @ rays as assumed by 
Pettersson, but mainly to the absorption of the y rays by the 
lead. It seems certain that nearly all the energy of the 
B rays is absorbed in traversing aluminium 4 mm. thick. 


* Pettersson, Ark, f. Mat. Astr. och Fysik, vi. p. 26, July 1910. 
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The results obtained for the heating effect of one curie of 
emanation under various conditions are tabulated below. 


; i 
| | 
, 


Heat emission of one curie of ema- 

nation in gram calories per hour. 
Screen. arays. | B rays. | y rays. | Total. 
| Equivalent to 13mm. of aluminium) 99.9 49 0-1 103° 
| 0-7 mm, Al+1°2 mm. of lead......... 99:2 4:8 15 1055 
‘, +4:4 mm. of mercury ... 99-2 4:8 3-0 107-0 
xh +146 mm. of mereury.-| 99.9 4-8 4:7 108°7 


| 


These results are expressed in terms of the Vienna Radium 


Standard. 


§ 3. Calculation of Tleating Effect of Radium and its 
| Emanation. 


The energy of the # particles and recoil atoms liberated 
from one gram of radium or of any of its products in equi- 
librium with it can readily be calculated. This energy is 


equal to 
i f m 1 me? rei 2 
dm? (1+ 7 =5- me a, 


for each of the a-ray products concerned. The value 
mir was directly determined by Rutherford for the « particle 
Ze 

from radium C by measurement of the electrostatic deflexion 
of the rays, and found to be 4°21 x10". Taking the velocity 


co) 
of an particle to be proportional to the cube root of its 


Be ee ee ee ae Be te 
range, the corresponding values 0 panes radium, emana- 


tion, and radium A, are 2°56, 2°95, 3°13 x 10 respectively. 
The masses of the recoil atoms from radium, emanation, 
radium A,and radium C, are 222, 218, 214, and 210 respec- 
tively. The value of 1+ a is consequently slightly less 
than 1°02 for each product. 
The value of ne, the total charge carried by the « particles 
from one gram of radium itself, has been found by Rutherford 
and Geiger to be 1054 x 10~°e.m, unit. Substituting these 
values, the emission of energy 1s for one gram of radium in 
equilibrium 1:38 x 10° ergs per second, and for the emanation 
in equilibrium with it 1°19 x 10° ergs. . 
The corresponding heating effect of one gram of radium 
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for complete absorption of « particles is 118 gram calories 
per hour, and for the emanation 94°5 gram calories per hour. 


These results are expressed in terms of the Rutherford : 


standard, for the value ne depends on this standard. Cor- 
recting in terms of the Vienna standard, the corresponding 
heating effects are 124 and 100 gram calories per hour. 

We have seen (§ 2) that the heating effect of one curie 
of emanation on the Vienna standard is 103°5 gram calories 
per hour Since under the experimental conditions probably 
5 per cent. of this is due to the # rays, it is seen that the 
calculated and measured values for one curie of emanation are 
in good agreement. 

St. Meyer and Hess found that the heating effect of one 
gram of radium in terms of the Vienna standard was 132°3 
gram calories per hour. This includes the heating effect of 
the 8 rays and 15 per cent. of the y rays. This is in ex- 
cellent accord with the value deduced from the observed 
heating effect of the emanation. The heating effect of one 
eurie of emanation surrounded by 1:2 mm. of lead was 
105°5 gram calories per hour. The heating effect due to 
a particles and recoil atoms is probably about 98°5 gram 
calories. The theoretical rates of the heating effects for 
radium in equilibrium compared with its emanation is 1:255. 
The heating effect of one gram of radium surrounded by 
1-2 mm. of lead thus comes out to be 123°64+7=130°6 gram 
calories per hour. Allowing a small correction for the extra 
absorption of y rays in the Vienna experiments, this value is 
in close accord with that found by Meyer and Hess. 

Too much stress should not be laid on the agreement of 
the calculated value of the heating effect of radium with that 
deduced experimentally, for the data used in the calculations 
are not fixed with the accuracy required. For example, the 


calculation de 


The former was determined by measuring the electrostatic 
deflexion of the « rays. A combination of the value so 


found with the value = found by deflexion of the same 


rays in a magnetic field gave a value e/m=5:07 x 10. There 
is now no doubt that the « particle is a helium atom carryin 
two charges, and the value of e/m should be 4°84~x 10°. 


Taking the value — =4:06 x 10° found by Rutherford for 
the a particle from radium C as correct, and assuming 


e/m=4°84X 10°, the value ae =3°99x 10"* instead of the 
value 4°21x10" used in the calculation. Taking the new 


Phil. Mag. 8. 6. Vol. 25. No. 146. Feb. 1913. Z 
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value, the calculated heating effect is reduced 5 per cent., 
_and the agreement between calculation and experiment is 
not so good. In order to settle this point, experiments are 
now in progress to redetermine the values of u and e/m of 
the « particle from radium C. 

From the data already given, the distribution of the 
heating effect between radium and its products and radiations 
is given below. 


Heating effect in gram caiories per hour 
corresponding to one gram of radium. 
a rays. B rays. y rays. Total. 

Radium*® ......... 251 easel bie ee 1 | 
Emanation ...... 28°6 ia ies 28'6 
Radium A......... 30°5 “be ne 30°5 
Radium B : : . 
Radium O f-""": 39°4 4e7) 6°4 50°5 

Notalls ss. 123°6 4°7 6-4 134°7 


It follows that the total heating effect of one gram of 
radium for compiete absorption of the a, 8, and y rays 
should be about 185 gram calories per hour per gram on the 
Vienna standard. 


University of Manchester, 1912. 


XXXV. Solubility of the Active Deposit of Thorium in 
Various Solvents. By C. ¥. Hoenny, B.Sc., A.R.CS.T 


L this paper is described an attempt to classify the trans- 
- formation products of thorium in the periodic system by 
means of their solubilities in various solvents. 

Some thorium hydroxide was placed in a metal dish over 
which was suspended a small piece of platinum foil which 
could be easily detached. The active deposit from the 
thorium was collected in the usual way by connecting the 
platinum plate to the negative pole of a battery. After two 
or three days’ exposure the plate was removed and its activity 


* During the publication of this paper, V. F’. Hess (Ween. Ber, cxxi. 
p- 1, 1912) has published the results of a direct determination of the 
heating effect of radium freed from all its products. The value obtained, 
25'2 calories per hour per gram, is in excellent accord with the value 
calculated from the measurements on the emanation given above. 

+ Communicated by the Hon, R. J. Strutt, F.R.S. 
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measured by observing the rate of leak of an electroscope. 
It was at once placed in the solvent for an observed time, 
carefully dried by placing between filter-paper, and its 
activity again measured. It was now set aside for a few 
hours to enable the transformation products to get into 
equilibrium, after which the activity was again measured. 
From this third reading could be calculated the equilibrium 
activity of the plate at the instant it was taken out of the 
solvent. This was necessary in order to ascertain which of 
the substances had been dissolved in the greater quantity. 
Thus if thorium B had been dissolved more than thorium C%, 
the quantities of each remaining would not be in equilibrium, 
and the activity of the plate would be greater than that 
calculated from the third reading when the two substances 
had adjusted themselves. If the reverse of this occurred it 
would indicate that the thorium C had dissolved more than 
the thorium B. (This of course is due to the fact that the 
activity of the plate arises from the thorium C only.) Thus 
when thorium Bis dissolved from the plate, the loss does not 
immediately affect the activity of the plate, and can only be 
detected by calculating backward from some value of the 
activity when the two have reached equilibrium. The loss 
of thorium C is noticed directly from the reading immediately 
after treatment with the solvent. 

It was found that water, solutions of salts, hydroxides, 
and acids dissolved both products, but thorium B was always 
dissolved in a relatively larger amount than thorium ©. This 
was most noticeable in the case of short treatments, as would 
be expected from the rates of decay of the products. The 
results show that the solubility in water (boiling) is small, 
about 35 per cent. being dissolved in 15 minutes’ treatment. 
With an hour’s treatment about 70 per cent. had dissolved; 
but after about 13 hours the rate of solution was very little 
greater than the rate of decay of thorium B. A solution of 
potassium iodide (boiling) was found to dissolve the active 
deposit at more than twice the rate of the water. Dilute 
acids (HCl, HNO;) had a much more rapid rate of solution 
even at ordinary temperatures. In the case of organic 
solvents the rate of solution was found to be about the same 
asin the case of water, but the thorium C dissolved more 
easily than thorium B. In fact, thorium B was absolutely 
insoluble in carbon bisulphide and methylene iodide, whilst 
thorium C was soluble to the extent of 20 per cent. in 


* In these experiments I had no means of differentiating between 
thorium Ci, C,, and D; hence I have used the term thorium C in the paper 
to represent all the products after the B. The nomenclature is the 
amended one of Rutherford and Geiger, Phil. Mag. xxii. p. 621 (1911). 
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10 minutes. Other liquids (bromoform, benzene, &c.) had a 
similar eftect, but in these cases thorium B was dissolved toa 
slight extent. 

I wish to record my thanks to Prof. Strutt, who suggested 
the above research and to whom I am indebted for his 
valuable assistance. 


XXXVI. On the Photo-Hlectric Effect in some Compounds. 


To the Editors of the Philosophical Magazine. 


GENTLEMEN,— | 
N the Philosophical Magazine for December 1912, Dr. R. 


S. Willows calls attention to a possible explanation of 
an experiment which I made during an investigation of the 
photo-electric effect in compounds (Phil. Mag. September, 
1912). The experiment referred to is one in which it is | 
shown that moist zinc chloride has a well-marked photo- 
electric effect, while dry zinc chloride is quite insensitive. 
Dr. Willows suggests that the emission of negative electricity 
by the moist zine chloride may be identical with the effect 
observed by Mr. A. E. Garrett some years ago, and quite 
independent of illumination by ultra-violet light. The pro- 
cedure in my experiments, however, was to insulate the 
electroscope (connected with the zine chloride plate), and then 
to remove a shield which was interposed between the mercury 
lamp and the apparatus. The leaf of the electroscope only 
moved when the zine chloride plate was illuminated. Hence 
the effect is a direct result of illumination by ultra-violet 
light. I have recently confirmed this observation with a 
simpler and less sensitive apparatus. As before, there was 
a well-marked effect when the moist salt was illuminated, but 
there was no measurable effect in the dark—this may he due 
to lack of sensitiveness. 

I did not look for any emission of positive electricity from 
the illuminated substance. Had it been at all large, it would 
probably have been noticed. With the type of apparatus 
used in these experiments, it is always possible to explain an 
apparent emission of positive electricity from the plate as an 
emission of electrons to the plate from the surrounding elec- 
trode, which is unavoidably illuminated by reflected light, 
Special precautions would be necessary to avoid such spurious 
effects. 


Yours truly, 
Cavendish Laboratory, A. Li. Hue@nss. 
Cambridve. 
January 11th, 1913. 


ROBERTS. 
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XXXVI. The Chemical Properties and Relative’ Activities of 
the Radio-Products of Thorium. By Hersurt N. McCoy, 
Ph.D., Professor of Chemistry, and CHarLes H. Viot, 
Eh. oe Assistant in Chemistry, University of Chicago *. 


I. The Chemical Properties of the Radio-Products 


of Thorium. 


4 ROM the earliest history of radioactivity it has been 
recognized that the various active products of uranium, 

radium, and thorium have more or less definite, char acteristic 
‘chemical properties. An accurate knowledge of such 
properties is of much importance in the study of these 
‘substances, since it forms the basis for their chemical sepa- 
ration from one another and from inert matter ; at the same 
time it may throw some light on the problem of the trans- 
formation of matter. Inattempting to determine the relative 
activities of the various radio-products of thorium, we found 
it necessary to study their chemical properties in some detail 
in order to be able to prepare them in (radioactively) pure 
form. A great many reactions are recorded in the literature, 
but, owing to the intricate and novel nature of the problem, 
some errors have doubtless been made; so that it becomes 
important that supposed facts be corroborated by independent 
observers. 

During the writing of this paper, Soddy’s monograph, 

* Communicated by the Authors. Presented, in abstract, at the 
Eighth International Congress of Applied Chemistry. 

Phil. Mag. 8. 6. Vol. 25. No. 147. March 1913. 2 A 
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‘The Chemistry of the Radio-Elements,’ appeared *. This 
is a comprehensive review of published knowledge of this 
subject, but does not contain new material. In view of this 
résumé, we shall not dwell upon the historical aspects of the 
subject ; we shall, however, include our results and con- 
clusions which have previously been reported by others. In 
most cases our statements here are putin generalized form 
rather than as records of specific experiments. This is done 
on account of the very numerous separate experiments made 
during a period of three years. 

The members of the thorium series with the symbols (or 
abbreviations) here used are as follows :—Thorium ; meso- 
thorium-one (Ms,); mesothorium-two (Ms) ; radiothorium 
(Rt); thorium X (ThX); emanation (Hm); thorium A (A) 
of period 0°145 sec. ; thorium B (B) of period 10°6 hours ; 
thorium C (C) of period 60°8 minutes ; thorium D (D) of 
period 3:1 minutes +. The product C is doubtless complex {, 
the components being ©, and Cy. 

Mesothorium-one.— Mesothorium-one is easily separated 
from thorium. So far as is now known, all reactions which 
separate ThX from Th also separate Ms, : for it seems that 
the latter and ThX have essentially identical chemical 
properties. We have studied the following methods of 
separation of Ms, from Th :— 

(1) When a dilute solution of thorium nitrate is precipi- 
tated by ammonia either in large or small excess, the greater 
part of the Ms,, 80 or 90 per cent., remains in the filtrate. 
This is a well-known reaction §, which we have regularly 
used in practice. 

(2) Thorium nitrate is precipitated by a solution of sodium 
carbonate, but redissolves in an excess, the solubility being 
greater in the presence of some bicarbonate. For example, 
5 g. of thorium nitrate redissolve completely in a solution of 
5) g. of anhydrous sodium carbonate and 2 g. of sodium bi- 
carbonate in 50 c.c. of water. If 2 or 3 mg. of ferric chloride 
in dilute solution be added, it will be precipitated as basic 
carbonate if the solution be warmed to 70° or 80°, and carry 
down all of the Ms, and all ThX present as well. Ina 
similar manner, any barium present in the thorium solution 


¥ Longmans, Green & Co., London and New York, 1912. 

+ Hahn & Meitner, Verh. d. Phys. Ges. xi. p. 55 (1909). On aceount 
of the recent changes of nomenclature, which we follow, we wish to 
avoid all uncertainty by mention of the periods. 

t Hahn, Phys. Zeit. vii. pp. 412, 456 (1906). Barratt & Marsden, 
Proc. Phys. Soc. Lond. xxiv. p. 50 (1911). Geiger & Nuttall, Phil. Mag. 
[6] xxii. p. 613 (1911). 

§ Boltwood, Am. Jour. Sci. [4] xxv. p. 98 (1907). 


Relative Activities of Radio-Products of Thorium. 335 


will also be left as insoluble carbonate containing, in the 
absence of iron, all of the Ms, and ThX. 

(3) The precipitation of barium as sulphate in a thorium 
nitrate solution is not complete; but when the concentra- 
tions of barium salt and sulphuric acid are sufficient to form 
a precipitate, the latter carries down Ms, more or less com- 
pletely. For example, 0:1 g. of barium sulphate removed all 
of the Ms, from 5 g. of thorium nitrate in 100 c.c. of water. 

(4) The precipitation of thorium by oxalic acid does not 
give a definite separation of Ms, from thorium. In strongly 
acid solutions much of the Ms, is left in the filtrate; in a 
neutral solution, if the precipitate is allowed to settle out for 
one or two days, most of the Ms, is found in the precipitate. 

A solution of Ms, which has been separated from 
thorium nitrate by ammonia shows the following chemical 
behaviour :— 

(1) By the addition of a small amount of ferric chloride 
(5 mg. for 100 e.c.), and then an excess of sodium 
carbonate, the whole of the Ms, is thrown down with the 
precipitate formed when the solution is boiled. 

(2) If the iron, as in (1), is precipitated by ammonia, the 
Ms, is only partially precipitated, the fraction increasing 
with the amount of iron and presence of carbonate. 

(3) Calcium carbonate, formed by the use of ammonium 
carbonate, carries down Ms, completely. 

(4) Mesothorium-one and barium are inseparable by any 
known chemical reactions ; if barium be separated from any 
mixture it will be found to contain all of the Ms,*. Accord- 
ing to Soddy f fractional crystallization of barium chloride 
leads to an enrichment in Ms,, just as in the case of radium. 

(5) Ms, is not appreciably carried down with aluminium 
hydroxide when the latter is precipitated by pure NHs, free 
from carbonate. We use the gas obtained by warming con- 
centrated ammonia to which barium chloride has been added. 

(6) Ms, is not carried down with lead sulphide precipitated 
by hydrogen sulphide (in acid solution), and very probably 
also with no other sulphide under like conditions. 

The Ms, used in our earlier experiments was obtained from 
thorium nitrate by precipitation of the thorium by ammonia. 
The til rate always contained both ThX and Ms,, as the two 
are identical in chemical behaviourt. Since Ms, is itself 
inactive, its presence in such a case is established after the 
decay of ThX by means of the activity of the Rt, &., which 

* Soddy, Trans. Chem. Soc. Lond. xcix. p. 72 (1911). 

+ Ibid. See also Marckwald, Ber. d. Chem. Ges. xlili. p. 3420 (1910). 

~ Marckwald, loc. cit. Soddy, loc. cit. 
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it produces. The amount of Ms, obtainable from amounts 
of thorium nitrate at our command (2 to 3 kilos) was small ; 
we have obtained a large quantity of Ms, from another source. 
Through the courtesy of Mr. George P. Gilman, of the 
Lindsay Light Co., Chicago, to whom we wish here to 
express our sincere thanks, we obtained about 5 kilos of 
residues left from the refining of several thousand kilos of 
thorium. After the separation of the thorium salts from 
cerium &c. by the well-known carbonate process, and the 
ignition of the residue to remove organic dirt, there remained 
about 300 g. of material, of which the principal consti- 
tuents were oxides of the rare earths, silicates, and about 
10 per cent. of barium sulphate. The bariuni was separated 
completely by the following process. The powder was mixed 
with five parts by weight of an equimolecular mixture of dry 
sodium and potassium carbonates, and fused in portions ata 
red heat in iron crucibles. The melt was ground up, treated 
with hot water, and washed free from sulphate. The residue 
was dissolved in pure hydrochloric acid and the barium in 
the filtrate precipitated by sulphuric acid. The barium 
sulphate yielded 35 g. of nearly chemically pure barium 
chloride which contained all of the Ms, of the original 
material. After a few days the gamma-ray activity of this 
barium chloride was equal to that of 1:5 mg. of pure 
radium chloride. The Ms, preparation then contained the 
equilibrium amount of Ms, and also Rt and its products in 
continually increasing amounts. The activity of the Rt 
formed per day was about ten times the uranium standard *. 

Mesothorium-two.—We separated Ms, and Rt from the 
Ms, solution by adding 2 ¢.c. of a 5 per cent. aluminium 
chloride solution and passing in pure ammonia gas. The 
small precipitate of aluminium hydroxide carried down all 
of the Ms,, Rt, B, and C, together with a small amount of 
barium carbonate, owing to exposure to the air in filtering. 
The barium, of course, contained some Ms, and ThX. Radio- 
actively pure Ms, was prepared by dissolving the alumina in 
acid, making the solution nearly neutral and removing Rt 
by means of thorium, precipitated by means of hydrogen 
peroxide, the Ms, being left in the filtrate. The alumina 
was then precipitated with ammonia two or three times to 
free it from barium, ThX, and Ms,; finally, B and C were 
removed by means of mercuric sulphide. The details of 
these processes will be found under the reactions of the 
respective radio-products. The emanation, A,and D, which 


* About 38 sq. cm. of a thick film of U;03. See McCoy & Ashman, 
Le Radium, v. p. 362 (1908); Amer. Jour. Sci. xxvi. p. 521 (1908). 
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are also present, cannot interfere ; even the latter will have 
practically all disappeared in the half hour usually occupied 
by the separations. 

(1) Hahn* found that Ms, is carried down when zirconium 
hydroxide is precipitated by ammonia. 

(2) Marckwald f found a similar behaviour with ferric 
iron and ammonia. 

(3) We have regularly used aluminium hydroxide in the 
same way as a means of separating Ms, from solution. The 
Ms, seems to be carried down quantitatively with the 
aluminium. This reaction allows an easy and complete 
separation of Ms, from barium, Ms), and ThX. 

(4) Mesothorium-two is not carried down with the mercuric 
sulphide when hydrogen sulphide is passed into a slightly 
acid solution to which a little mercuric chloride has been 
added. This procedure will remove B and C completely if 
repeated two or three times. 

(5) Mesothorium-two and Rt are closely alike in chemical 
properties, but not identical. The former is not carried down 
when a little added thorium nitrate is precipitated from a 
neutral solution by means of hydrogen peroxide at 60° or 
70°. All the Rt is removed by the thorium. if the thorium 
used has been precipitated by hy drogen peroxide and changed 
back to nitrate before being used, it does not introduce any 
active impurity into the Ms). This is the best method of 
oF ne Rt and Ms,. 

(6) Barium sulphate precipitated in slightly acid Ms, 
solutions carries the latter down readily. Material for the 
films used in activity measurements was prepared in this 
way. 

Radiothorium.—Since Rt cannot be separated from thorium 
by any known method f, its only practical source is a prepa- 
ration of Ms, in barium chloride, trom which it can be com- 
pletely separated by means of alumina, precipitated by pure 
ammonia. ‘l’o obtain radioactively pure Rt from this precipi- 
tate it is not necessary to separate Ms, chemically, as the 
latter will decay in the course of a few days. ThX, B, and 
C are then easily removed, the former by precipitations of 
the alumina by means of ammonia, the latter two by means 
of mercuric sulphide. Three or four alternate precipitations 
of the alumina and of mercuric sulphide in the aluminium 
chloride solution readily give pure Rt. In addition to those 
reactions of Rt in which it is associated with thorium §, the 

* Phys. Zeit. ix. p. 246 (1908). + Ber. xlii. p. 3420 (1910). 

~ McCoy & Ross, Jour. Am. Chem. Soc. xxix. p. 1709 (1907). 

‘ McCoy & Ross, loc. cit. 
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following, in absence of the latter element, have been 
studied :— 

(1) Rtis completely precipitated with aluminium hydroxide 
by ammonia. 

(2) Rt is completely precipitated with ferric hydroxide by 
ammonia and with basic ferric carbonate by excess of sodium 
carbonate. 

(3) Rt is partly precipitated with barium sulphate in acid 
solution ; under favourable conditions 50 per cent. of the Rt 
may be carried down. 

(4) Rt is toaslight extent (about 5 per cent.) precipitated 
with mercuric sulphide or lead sulphide. 

Thorium X.—On account of the seeming chemical identity 
of ThX and Ms, every preparation of ThX from thorium 
must contain more or less Ms}. However, the proportion of 
the latter will be quite small if thorium is used which has 
been freed from this pair of products a few days previously. 
A better plan is to use Rt as the source of the ThX. A 
single precipitation of an aluminium cbloride solution of Rt 
by pure ammonia carries down all the Rt, and leaves nearly 
all of the ThX in the solution. From such a solution B and 
C may be removed completely by three or four precipitations 
in it of mercuric sulphide. 

- Thorium X is separated from thorium by the following 
reactions :— 

(1) When thorium is precipitated from a nitrate solution 
by ammonia, pyridine, sodium thiosulphate, potassium chro- 
mate, metanitrobenzoic acid, or hydrogen peroxide, nearly 
all of the ThX is left in the filtrate. 

(2) Precipitation of thorium by means of oxalic acid gives 
a partial but not complete separation. In one experiment 
with 25 g. of thorium nitrate about half of the ThX was left 
in the filtrate. 

(3) Barium sulphate formed in a thorium solution carries 
down practically all of the Thx. 

(4) Ferric iron removes all of the ThX from a solution of 
thorium in an excess of the carbonates of sodium under the 
conditions given for the separation of Ms,. 

A solution of ThX free from Th shows the following 

behaviour :— 
_ (5) ThX is carried down completely by (a) barium sulphate, 
from barium chloride and sulphuric acid ; (b) ferric carbonate, 
from ferric chloride and excess of sodium carbonate ; 
(c) calcium carbonate, from calcium chloride and ammonium 
carbonate ; (d) ferric phosphate, from ferric chloride and 
secondary sodium phosphate. 
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(6) ThX is partially carried down with ferric hydroxide, 
from ferric chloride and pure carbon-dioxide-free ammonia, 
the fraction carried down varying with the amount of iron. 
If ordinary ammonia, containing carbonate, is used, all the 
ThX is found in the precipitate. 

(7) ThX is not carried down to an appreciable extent 
when the following are precipitated by pure ammonia :— 
Aluminium, zirconium, cerium, lanthanum, yttrium, and 
didymitm hydroxides. 

(8) ThX is not carried down when the following are 
precipitated by hydrogen sulphide :—Lead, mercury, tin, 
zine, and iron. 

Thorium B and C.—(1) Band C are not separated from 
thorium when the latter is precipitated by most reagents ; 
but precipitation by pyridine * or by metanitrobenzoic acid Tf 
leaves B in the filtrate. 

(2) B and C are removed very completely from a thorium 
solution when mercury, lead, or zinc are precipitated in it as 
sulphides by means of hydrogen sulphide. 

As is well known, B and C are most easily obtained in 
free form by exposure of a negatively charged plate to the 
emanation. We have used very active Rt, contained in a 
few milligrams of ferric carbonate, as a very satisfactory 
source of the emanation. We found that a small amount of 
ThX, thrown out by recoil {, also accompanies the B and © 
in the active deposit. To exclude the ThX, the Rt was 
covered with a piece of tissue paper, which did not prevent 
the diffusion of most of the emanation. The deposit obtained 
in the course of a day or two was very active. It was dis- 
solved from the platinum plate by hot dilute hydrochloric or 
nitric acid, and used in studying the reactions of B and C. 
Since B is inactive, with a period of 10°6 hours, and C gives 
alpha rays, with a period of 60°8 minutes, it is very easy to 
recognize the presence of either or both by observations of 
the change of activity with time. B and C behave similarly 
in the following reactions carried out with solutions of the 
active deposit :— : 

(3) Band C are carried down with aluminium or cerium 
when these are precipitated by ammonia. 

(4) They are also carried down with lead, mercury, or 
zine, when these elements are precipitated as sulphides by 
hydrogen sulphide in slightly acid solutions. 


* Moore & Schlundt, Trans. Am. Electrochem. Soc. viii. p. 269 (1905). 
+ Ashman, Amer. Jour. Sci. [4] xxvii. p. 65 (1909). 
~ Hahn & Meitner, Verh. d. Phys. Ges, xi. p. 55 (1909). 
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(5) They are also carried down from slightly acid solutions 
by lead iodide or lead chromate. 

(6) They are carried down when added ferric iron is pre- 
cipitated by an excess of sodium carbonate or by ammonium 
acetate as basic acetate. 

(7) They are carried down by bismuth oxychloride formed 
when bismuth chloride is added and the solution diluted. 

(8) B and C are not carried down by mercuric iodide or 
silver chloride. 

We can confirm the statements of Moore and Schlundt * 
that B and C are separated by the following reactions : 

(9) Barium or lead sulphate precipitated in a solution of 
B and C carries down B completely and C only partially. 

(10) Ferrie iron precipitated by pyridine carries down © 
but not B. 

(11) Ferric iron precipitated by fumaric acid from a 
boiling nearly neutral solution of B and UC carries down all 
of the Cand only a small part of the B. By three or four 
repetitions of the precipitation we have obtained © in which 
we could not detect any B after the complete decay of the 
former. The method seems to leave nothing to be desired 
as a means cf preparing pure ©. It is, of course, under- 
stood that the product so obtained contains the two com- 
ponents C, and Cy, and, in addition, the beta-ray product D, 
which has a period of 3-1 minutes, and which will there- 
fore accumulate rapidly in © even if it were removed by 
the treatment described. 

In carrying out the reactions here recorded, in solutions 
of thorium free radio-products, the amount a precipitate 
was, as a rule, 10 to 50 mg. for 100 e.c. of the solution. 
In some cases, especially those in which the active substance 
is divided between precipitate and filtrate, the proportion of 
active substance carried down depends on the amount of the 
precipitate. ‘The identity of each radio-product studied was 
fully established by means of the nature of its rays and its 
rate of decay. 


Il. Lhe Ratio of the Activity of Thorium B+ C+D to 
that of Thorium X+ Emanation+ A. 


A knowledge of the relative activities of the equilibrium 
proportions of the active products in a given series is of 
importance for investigations in radioactivity . The problem 
has been pretty completely solved for the uranium-radium 


* Trans, Am. Electrochem. Soe. viii, p. 269 (1905). 
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series *. The results in the thorium series are much less 
complete. Rutherford and Soddy were led to conclude that 
thorium, ThX, Em, and the excited activity contributed 
about equal shar es of the observed activity of thorium. Since 
this early work was done, our knowledge of the series has 
been greatly extended. The complete series as we now know 
it is as follows :— 


1 E28 i Cg nD. OR IDE Oc Hagens a Bon pam On) 


Thorium Ms, a 
ae A nan OG a a PMOL S aula Miah 1.5% 


a 


zs 


The product Cis complex, the components being known 
enw vand).O,.;- The activity ascribed by Rutherford and 
Soddy to thorium alone is due to thorium plus an uncertain 
fraction of the equilibrium amount of Rt ; while that of the 
excited activity is due essentially to C. Rutherford and 
Soddy f found that the activity of the products now known 
as B, C, and D was about 44 per cent. of tnat due to ThxX 
and Hm and (the then unknown) A (of period 0°145 sec.). 
Ashman {, working in this laboratory, found the following 
results :—Thorium free from Rt contributes 11 per cent. of 
the activity of thorium in equilibrium with its products ; 
Rt, 20 per cent. ; ThX and its products, 69 per cent. More 
recently Miss Leslie § has given the following figures as the 
relative activities of the various products :—Thorium, 5°5 ; 
Ries 2s Kim, 4266; C), 12°2.> C., 12°22) She 
found the ratio of the activ ity of B, C, and D to that of 
ThX, Em,and A to be between 0°33 and 0-42. 

In addition to the ratios determined by Rutherford and 
Soddy and by Ashman, it is possible to find by experiment 
the relative activi ity of Rt as compared with the subsequent 
_ products. We have made what we think to be quite accurate 
determinations of two of these ratios—tkat of B, C, and D 
to ThX, Em, and A, which ratio we will call « ; and that of 
the activity of the radio-products of Rt to the activity of Rt 
alone, which we will call y. The principle of the determi- 
nation of the ratio w is the same as in Rutherford and Soddy’s 
experiment, although the details necessary to secure accuracy 
are different. ThX is prepared in radioactively pure form, 
and its activity is measured at known intervals from the time 
(time zero) at which the accumulation of the subsequent 
products begins. It is of fundamental importance that the 


* McCoy & Ross, J, Am. Chem. Soe. xxi. p. 1705 (1907). Boltwood, 
Am. J Sci. [4] XXxi. p. 409 (1906). 

t Rutherford, ‘ Radioactivity,’ 2nd ed., p. 560. 

t Am. J. Sci. [4] xxvii. p. 65 (1909). 

§ Le Radium, viii. p. 356 (1911). 
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ThX should be entirely free, initially, from all the other 
radio-bodies. It is also necessary that the preparation should 
not lose appreciable proportions of the emanation. We used 
barium sulphate preparations of ‘1hX and found them much 
less emanating than highly-heated oxides, such as ferric 
oxide. Our preparations were so active that exceedingly 
thin films were used, containing a milligram or less of barium 
sulphate. Thus, appreciable absorption of the alpha rays in 
the film itself was avoided. 

The mathematical treatment of the problem has been given 
by Rutherford *. Jf Ris the number of atoms of C formed 
in ¢ seconds from n atoms of ThX originally present, then 


Re nigen s+ bey + ce, *8); + vo eae 


where 
= AiXe ST OO, ihe 
a= CoS) =n) — 3d6 x4 10 5 
Nye 
6=—- she = —1°460x 107? 
(Ay — Az) (Ag— Az) d 
Pep tba lies ~ 1-249 x 10-3, 


(Ar Ag) (Az = As) 
We have taken the decay constants in reciprocal seconds, as 
follows :— 
ThX, Ay = 2-202 010 $s Bi A= 1316 eee 
Bind. 
Cans s0O xo 7, 

the periods corresponding being 3°64 days, 10°60 hours, and 
60:8 minutes. The details of our measurements to confirm 


these constants are given in Section IV. of this paper. 
Then 


R = nx 10-2(1:336 e~— 1-460 ef 401242 es"), (2) 
or Sx 10s ey 
where / (e) is the expression in parenthesis. If n' represents 
the equilibrium number of atoms of C corresponding to x 
atoms of ThX, then 

Aj n=Agn! 
if F, represents the fraction of the original number of atoms 
of ThX left after an interval ¢, then, 

ae i 

* ‘Radioactivity, 2nd ed., p. 8360. We may neglect Thm and A in 


the equation, since after ten minutes the equilibrium proportions of these 
products will be present with the ThX, 


R 
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If F, represents, at the end of the same interval, the 
fraction which the number of atoms of C then present forms 
of the equilibrium number «’ based on the original number 
nm of the ThX atoms, 


fe 107? S842) 08620 fe). ee 
7 Ay! 


Let the alpha-ray activity of equilibrium amount of © 
be « times the activity of ThX plus Em and A. Titeatye as 
the initial activity of the film, and a is the activity after the 
interval ¢, then 


& = Hy Fox, . ° . e Z ° (5) 


“Lo 


or 


When the interval ¢ is ten hours, e—*s’ becomes so small 
that its omission would cause an error in R of only 0°02 
per cent., so for longer intervals this term may be neglected. 
Similarly, after two hundred hours the term containing 


e** becomes entirely negligible, and then, 
BO co205e Lagoa D2) i ths 167) 


This shows that, even after a long time, the relative amount 
of © present is not that which we call the equilibrium 
amount, which is the relative amount that would be present 
in an old thorium preparation, but a quantity 1°152 times as 
great. 

In the preparation of radioactively pure ThX for these 
measurements, the ThX was separated from the pure Rt, 
which had produced it, by precipitating the Rt with alu- 
minium hydroxide by means of pure ammonia. The filtrate 
contained the ThX. In order to remove any trace of Rt 
that might remain in this ThX solution, we acidified it with 
hydrochloric acid and added a few milligrams of thorium 
chloride which had just been reprecipitated three times by 
ammonia. The added thorium was then separated, thus 
insuring the absolutely complete removal of Rt. The ThxX 
solution was concentrated to 20 ¢.c. and faintly acidified, a 
few drops of mercuric chloride solution were added and the 
mercury precipitated in the cold solution by means of 
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hydrogen sulphide. After boiling out the excess of hydrogen 
sulphide from the filtrate so obtained, this process was again 
carried out, being repeated in all five or six times to free the 
ThX from B, C, and D, all of which are precipitated with 
the mercuric sulphide. After the last precipitation of 
mercuric sulphide a few milligrams of barium chloride were 
added to the solution and barium sulphate precipitated in the 
boiling solution by means of sulphuricacid. ‘The precipitate 
settled in a few minutes, and was washed several times by 


decantation and finally with aleohol. A very small amount, 


depending on the activity of the preparation but usually 
about O°l mg., was then made into a thin film on a flat 
metal plate. The time of the last precipitation of HS was 
taken as time zero, that is, the time when only ThX was 
present. Barium su!phate carried down B and a part of the 
©, the total amount of which formed during the time 
between the precipitation of the last mercuric sulphide and 
the barium sulphate was very small. 

In order to determine what amount of B and C remained 
with the ThA after a series of precipitations of mercuric 
sulphide, a ‘‘ blank” experiment was made as follows. ‘The 
excited activity collected on a platinum dish was dissolved 
in a few c.c. of hydrochloric acid, and this solution was 
neutralized with pure ammonia, then made faintly acid ; the 
volume being about 20 c.c. In this six precipitations of 
mercuric chloride were made, and then in the final filtrate a 
little ferric chloride was precipitated as basic carbonate by 
boiling the solution with an excess of sodium carbonate. 
Basic iron carbonate carries down completely ThX as well 
as Band C. The relative activities of the first four mercuric 
sulphide precipitates were 1:00; 0°026; 0-006; 0-002, the 
first being about twenty times as active as the uranium 
standard. The activity of the iron precipitate was 0-004, 
and this was found, from its rate of decay, to be due essen- 
tially to ThX, which must have been carried to the platinum 
dish by recoil. We therefore conclude that mercuric sul- 
phide carries down B and C practically completely. 

A knowledge of the activity at time zero is also required ; 
but this cannot be found directly, as about thirty minutes 
elapse between the last precipitation of mercuric sulphide 
and the first activity measurement. By means of the now 
known value of the constant x, it is found by equation (5) 
that, at t=30 minutes, the initial activity should have dropped 
to 0°998. Calculation also shows that at ¢=1'15 hours the 
activity should exactly equal that at time zero. We have 
therefore taken the observed activity at this interval after 
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the last HeS precipitation as equal to the true activity, ao, 
at time zero. 

The activity measurements were made with the gold-leaf 
electroscope used by McCoy and Ashman*. The gold-leaf 
system was charged initially to 500 volts, and the potential 
fell about 100 volts during the observed discharge. The 
standard of activity was a thick film of U,Og, as described in 
the same article by McCoy and Ashman. By using barium 
sulphate, a loss of any considerable amount of the emanation 
and thus of C was avoided. This error is compensatory T ; 
since the emanation escaping in the electroscope with the 
A which it produces makes the observed activity greater than 
it would be if the emanation did not escape. But, owing 
to a loss of emanation, the activity of C is too small, and a 
calculation shows that the observed activity is approximately 
the true activity which would be observed if the emanation 
were not escaping and thereby reducing the quantity of C 
in the film. In our barium sulphate film not over 0°5 
per cent. of the total emanation escaped. 

In Table I. are given the results obtained with one of the 
ThX-—BaSO, films. The first column gives the time (in 
hours) elapsed since time zero, the time of the last HeS 
precipitation. The second column gives the observed activities 


Tapur I. 


Tatervall Observed | Calculated Activity | Value of « calcu- 


Aus on basis of lated from 

Hours. Egle 2=0-427, observed Activity. 
0-000 1:000 EOUUES Deemer ein yacht wean een. 
13°65 1 Boel D2 1°120 0:430 
15°70 1°130 1124 0437 
1752 L127 Pet 2G, 0°428 
18°15 1124 1127 0-422 
19°82 ey PLT. (427 
29°08 P02 1104 0-424 
42°22 1°034 1:033 0:429 
70°62 08483 08466 0-430 
87°52 0°7473 0°74380 0°434 
113°68 0:6057 0°6049 0°429 
165725, 0°4055 04017 0:433 
220°93 0°2613 02585 0:440 
286'0 0°1547 0°1542 0-431 
332°9 0°1061 0'1063 0°424 
381°4 0:0723 0:07240 0-426 


Mean... 0°429 


* Le Radium, v. p. 862 (1908) ; Amer. Jour. Sci. xxvi. p. 521 (1908), 
+ McCoy & Ross, Amer. Jour. Sci. [4] xxi. p. 433 (1906). 
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at the various times, in terms of the activity, calculated 
for time zero, as unity. The third column gives the caleu- 
lated values of the activity when the mean value found for 
zis used. The last column gives the values of x calculated 
from the observed activities of this film. 

The average of fifteen values of 2 calculated from data on 
one film was 0'429; from seventeen values on another, 
0°424; from eighteen values on another, 0°423 ; and from 
six values on a fourth, 0-431. The mean of these four 
is 0°427. 

As will be seen from the table, the maximum activity, 
which is reached in about 18 hours, is 12°7 per cent. greater 
than the initial. In our preliminary experiments maximum 
activities between 9 per cent. and 19 per cent. above the 
initial were occasionally found. This variation was due to 
several causes: (1) our first films, in which ferric oxide was 
used, were several times as emanating as those made of 
barium sulphate ; (2) ThX prepared directly from thorium 
salts always contains some Ms, ; (3) precipitation of thorium 
by ammonia does not completely separate Band C from ThX, 
Two possibilities then arise: if some B is left in the ThX 
film the initial activity is not affected, but the maximum 
will be too great ; while if C is originally present in the 
film the initial activity will be too great, and in consequence 
the maximum apparently too small. Rutherford and Soddy * 
observed a maximum activity 17 per cent. above the initial, 
while the whole experiment led them to a value of 0:44 
for 2, which does not differ greatly from our value of 0°427. 
However, they took as periods of ThX and B 4 days and 
11 hours respectively, instead of 3°64 days and 10°6 hours. 
Of course, any uncertainty regarding the periods of ThX, 
B, and C affects the value of « The most probable values 
of these decay constants are considered in Section LV. of this 
paper. The values we have used in the calculation of « are 
those which seemed the most accurate. 


III. The Ratio of the Activity of the Products of Radio- 
thorium to that of Radiothorium Alone. 


Radiothorium free from active impurities was prepared 
from a barium chloride mesothorium-one preparation in the 
following manner. After sufficient radiothorium had been 
produced in the solution, the aluminium from 2 ¢.c. of a 
five per cent. solution of aluminium chloride was precipi- 
tated in the Ms,, BaCl, solution by means of pure ammonia. 


-* Phil. Mag. [6] iv. p. 870 (1902). 
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The precipitate contained the Ms,, Rt, B, and C, together 
with traces of barium carbonate (due to the carbon dioxide 
of the air) and Ms, associated with the barium salt. This 
precipitate was dissolved in dilute hydrochloric acid, and the 
aluminium reprecipitated by means of ammonia. Several 
repetitions of this treatment removed all the barium and 
mesothorium-one. After three days, practically all the 
Ms, had decayed, and then the ThX which had formed, and 
the B and C which were present, were removed from the 
aluminium by a series of precipitations of the aluminium by 
ammonia, and by precipitating mercuric chloride with hydro- 
gen sulphide in the faintly acid solution of aluminium 
chloride. Six to eight repetitions of each of these treat- 
ments were found to remove more than 99:5 per cent. of the 
ThX, B, and C which were present. After the last precipi- 
tation of the aluminium hydroxide which corresponds to. 
time zero, the precipitate was dissolved in dilute hydrochloric 
acid, a few milligrams of barium chloride added, and 
barium sulphate precipitated in the boiling solution by the 
addition of sulphuric acid. After being washed by decan- 
tation several times, finally with alcohol, a few milligrams. 
of the barium sulphate was painted on a flat metal disk so 
as to give a fairly uniform thin film. The activity of this 
film was measured at intervals in the electroscope, and was 
found to vary linearly during the first four hours, so that 
by extrapolation to time zero the initial activity could be 
calculated. Calling the initial activity of radiothorium free 
from its products a, and the observed activity after an 
interval of ¢ days, a: then 


whit hah - BEN «tgs (G) 


where /, is the fraction of the original number of radio- 
thorium atoms left after the interval ¢ days, 7, the fraction 
at the time ¢,; which the number of atoms of thorium X then 
present torms of the equilibrium number corresponding to 
the original number of Rt atoms, and y the activity of 
equilibrium amounts of the active products of Rt (including 
ThX, Em, A, B, C, and D) based on the activity of Rt as 
unity. If we take for Rt the period 737 days, and for ThX 
plus its products the period 3°64 days, then A» for Rt is 
9A05 11054 and A, for ThX is 1-904 1071 (day): 


ONCE he PRR ae a ee ake ae ni gat (9) 


r = 2 
A=y— © A eae ah Nae ee i i (10) 
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For the values taken, mM == OOD: 
Ay—X 


If the interval is forty days, 
e~=0°9632 and e~''=0-00057. 


We may therefore neglect the term e—™’ for intervals greater 
than forty days; so that 


jee 1000e7% =1:005)0 i 2 
Equations (8) and (11) give 


a a i 
waded ir gif ae —1 
(oon ) ao ) (12) 


(i hie mes 
J L-005 


1-005 

The significance of the last equation is interesting ; it shows 
that at any moment after about forty days, the amount of 
ThX present in the Rt originally free from the former 
product is 0°5 per cent. greater than the equilibrium quantity 
corresponding to the amount of Rt present at that moment. 

Throughout the above argument there exists the tacit 
assumption that the products of ThX will all be present in 
equilibrium amounts, the amount of ThX present being the 
basis of: reference. This will be so nearly true after forty 
days that the error introduced by this assumption is entirely 
-megligible. In Table II. are given the data obtained from a 


TABLE II. 
Teena Oncereed eae ay | oe Mee 
Days. Activity. ae, Oe 

y 59°23. observed Activity. 
| 0-00 (1-000) L000, (31 Se eae 
| 49-68 6-012 6-010 5299 
} 45°73 5971 5993 5209 
54:99 5°939 5°940 5°229 
104°86 5°700 5669 5264 


barium sulphate film of Rt. Column one gives the intervals 
in days, column two the corresponding activities, and column 
three the activities calculated by using the mean value of y 
as determined from five such films, viz. 5°23. The last 
column gives the values for y calculated from the observed 
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activities. The mean values obtained for y from observations 
on five films are as follows :—5°21, 5:19, 5°29, 5°31, 5:23; 
the average of these values being 5:23. 

Owing to the fact that Rt is in part carried down with 
the mercuric sulphide precipitate, when freeing the Rt from 
B and © by this method it was thought desirable to try a 
frequent reprecipitation of the Rt-aluminium by ammonia, 
through a period of about a hundred and ten hours. By 
continually removing the ThX as fast as it formed, the B and 
€ originally present would have practically all decayed after 
an interval equal to ten times the period of B. This was 
done, the precipitations of the aluminium hydroxide being 
made every six hours during the first day and a half ; every 
four hours for the next day ; ; every three hours for the next 
«lay ; and finally every hour for a period of twenty hours. 
Jn this solution, after the final precipitation, barium sulphate 
was precipitated and the Rt-barium sulphate made into two 
films. These are the two giving average values of y =5:19 
and 5°21. These values for y are thought to be more nearly 
correct as far as the accuracy of our experimental data is 
concerned, because there was less uncertainty in this case 
as to what was time zero. Owing to the fact that about 
0'S per cent. of ThX, B, and C remain in the Rt when this’ 
is purified by the method first described, and that unless 
‘conditions are carefully controlled the quantity may even be 
greater, the exterpolation for the initial activity at the time 
of the last precipitation of the aluminium by ammonia (time 
zero) may lead to too high a value for a. ‘This leads to 
low values for y. However, C is not precipitated with 
barium sulphate to the extent that B is, and B has little 
activity as compared with the C, which it produces much 
more rapidly than Rt produces ThX. This causes the 
observed activity during the first few hours when the 
activity changes as a linear function of the time, to increase 
too rapidly. “Exter polation under these circumstances tends 
to give too low a value for a), and this leads to high values 
for y. Both these effects were evident in some preliminary 
experiments. Any error in the decay constants of Rt will 
have an effect on the value of y. As our observations have 
not as yet been carried on over a sufficient length of time to 
enable us to calculate with great accuracy the per iod of Rt, 
we make use of the value found by Blanc*. It seems 
probable, from the description he gives of the preparation of 
his Rt, that his material was pure, but it is possible that it 
may have contained some Ms,, and so have given too great a 

* Phys. Zeitschr. vil. p. 821 (1907). 
Phil. Mag. 8. 6. Vol. 25. No. 147. March 1913. 2B 
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value for the period. Our preliminary results show that 
Blane’s figure is of the right order. We have not observed 
any facts “that would seem to confirm Miss Leslie’s supposi- 


tion that the period of Rt is only a few months* 


IV. Periods of Thorium Products. 


Since the trustworthiness of our results would depend in 
so large a measure ttpon the accuracy of the decay constants 
used in the calculations. we have made careful redetermina- 
tions of these constants for ThX, B, and C, and a less accurate 
determination for Ms,. From experiments started several 
months ago we expect to get accurate data for Rt, the 
period of which is so long that an accurate determination 
of its constant will require two or three years. The period 
of ThX was found in connexion with the determination of 
the ratio a; the others were the results of special experi- 
ments. Mesothorium-two was precipitated with aluminium 
hydroxide by means of ammonia, in the Ms, barium chloride 
preparation. The Ms, was then freed from traces of Ms, by 
reprecipitation of the aluminium hydroxide. Radiothorium 
was removed by precipitating a few milligrams of thorium 
chloride in the faintly acid solution of aluminium chloride by 
means of hydrogen’peroxide. The thorium had just been 
several times reprecipitated with ammonia to remove Ms, 
and ThX, while B and C were removed from the aluminium 
as has been described under the preparation of pure Rt. 
Finally, a precipitation of barium sulphate was made in the 
acid solution of aluminium chloride. This barium sul- 
phate-Ms, was made into thin films on metal disks. The 
beta-ray activity of Ms, was measured by placing the film in 
a brass box with a tightly-fitting lid, the top of which was a 
thin sheet of aluminium. ‘Table III. gives the data obtained 


Taste ITI.—Period of Ms,. 


| Interval, Hours. Activity. Period, Hours, 

me pi aL re 

Pie 0:0 3°086 oaseub 
o783 | 2-012 6°12 

| 14-75 0:5842 6-14 

; 23°73 0:2118 6-14 


* Te Radium, viii. p. 356 ao11). 
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with such a film. Column one gives the interval in hours, 
column two the corresponding activities, in terms of the 
uranium oxide standard as unity. Column three gives the 
period. Hahn* had previously found as the period of 
Ms, 6°20 hours. 

Lerch f found the period of ThX to be 3°64 days. Levin f 
found 3°65 days, and Elster and Geitel§, 3°6 days. From 
our measurements of the activity of the ThX barium sulphate 
films we have calculated the period of ThX. Observations 
through an interval of seven days on one film gave a value 
of 3-64 days ; on a second, through an interval of six days, 
3°63 days ; on a third, thr ough an interval of eleven days, 
3°65 days. The average of these mean values, 3°64 days, 
agrees exactly with Ler -ch’s value. 

Lerch || found a value of 10°60 hours for the period B, and 
this remains the accepted value. In preparing B for 
measurements of its activity, a platinum plate charged to 
110 volts was exposed to the emanation from a very active 
film consisting of a few milligrams of basic ferric carbonate 
containing Rt with its products. The excited activity so 
obtained amounted in 24 hours to about 100 times that of the 
uranium standard. After a plate so covered with B and C 
was removed from the presence of the emanation it was kept 
10 or 12 hours before measurements were begun in order 
that the amounts of C and D should attain a fixed ratio to 
that of B present. Nevertheless the periods found from the 
rate of decay increased very noticeably toward the end of the 
measurements. Thus for an interval of 36 hours the period 
was found to be 10°71 hours, but after 76 hours it became 
11°78 hours, 10 per cent. greater. This led us to think that 
ThX was also present with the B, a small quantity collecting 
on the platinum plate by recoil. This bears out the results 
obtained in the “blank” experiment reported in Part IT. 
When the excited activity was obtained in a similar manner 
from a hundred grams of thorium hydroxide, the total amount 
of excited activity collected in the same time was only about 
one-sixth as great, but the decay of this excited activity gave 
a constant period, one film giving a mean value of 10°59 
hours, for measurements extending over an interval of fifty 
hours. When the active Rt film was covered with a sheet of 
tissue paper during the collection of the excited activity the 


* Phys. Zeitschr. ix. p. 246 (1908). 

t Wren. Ber. (1905). 

ft Phys. Zeitschr. vil. p. 515 (1906). 

& Phys. Zeitschr. vil. p. 455 (1906). 

|| Wren. Sitz.-Ber. exvi. (II a) p. 1448 (1907), 
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period of the B obtained on the plate was found to be 10°65 
hours, for measurements extending over an interval of forty- 
three hours. The first measurements were made on this 
film two days after it had been activated, so that only a thir- 
teenth of the original activity was left. Had the film 
contained any ThX, this would have still been present to the 
extent of about 70 per cent. of its original amount. The 
period obtained shows that practicaily no ThX can penetrate 
the tissue paper. We have used as the period 10°6 hours in 
our calculations of the ratios « and y. The period of C has 
been variously given between 55 minutes* and about an 
hour f. Lerch { has givena value 60°4 minutes, in which 
he corrected his observed period owing to the supposed pre- 
sence of alittle B. Following the directions given by Schlundt 
and Moore $ for the separation of B and C by the use of 
fumaric acid, we found it possible to obtain C entirely free 
from B, as was shown by the activity measurements. 
Twenty c.c. of a very active solution of Band C in dilute 
nitric acid was made just neutral with dilute ammonia, using 
methyl orange as an indicator. The solution was then made 
faintly acid with dilute nitric acid ; three drops of 10 per 
cent. ferric chloride solution was added, and the solution 
boiled. Then 10 c.c. of a hot 1 per cent. fumaric acid 
solution was added, and the iron fumarate which precipitated 
was filtered out. This contained the C with a little B. The 
precipitate and paper were boiled with 1 ¢.c. of six times 
normal hydrochloric acid to dissolve the iron fumarate, and 
then after diluting to 20 ¢.c. with water the solution was 
filtered. The filtrate was treated with an excess of ammonia 
to precipitate ferric hydroxide, which is readily soluble in 
dilute acid while the fumarate is not. The ferric hydroxide 
precipitate, which contained the C, was then dissolved in 
1 cc. of normal nitric acid, and to this was added enough 
ammonia solution to neutralize the acid. This solution was 
boiled and the iron precipitated as before by the addition of 
10 c.c. of hot fumaric acid solution. This treatment was 
carried out four or five times, and then the iron fumarate 
precipitate containing the purified C was dried on the paper 
and its activity measured at frequent intervals during a 
period of about seven hours. It may be added that the 
measurements were not begun until sufficient time had 


* Rutherford, Phil. Trans. Roy. Soc., London, A. cciv. p. 169 (1904), 

+ Pegran, Phys. Rev. xvii. p. 424 (1903). Lerch, Ann. de Phys. xii. 
p. 745 (1903). 

t Wren. Sitz.-Ber. cxvi. (II a), p. 1448 (1907). 

§ Trans. Am. Electrochem. Soc. viii. p. 269 (1905). 


Relative Activities of Radio-Products of Thorium. 353 


elapsed for D (period 3:1 minutes) to have accumulated in 
sufficient amount not to influence the results. 

In one experiment in which 43 activity measurements 
were made, the mean value of the period was found to be 
60°89 minutes, with an average deviation from the mean of 
‘20 minutes for the individual measurements. The last 
three measurements of this series, made after the activity 
had fallen to about 5 per cent. of the initial value, indicated 
periods of 60°77, 60°94, and 60°86 minutes; thus showing 
that the sample was free from appreciable amounts of B. 
Two similar series of experiments, each made witha separate 
preparation of OC, gave mean periods of 60°89 and 60°71 
minutes. The most probable value, as indicated by our 
experiments, is 60°81 minutes, which is a little greater than 
the value found by Lerch, 60-4. We have used the period 
60°8 minutes in our calculations of the ratios w and y. 


V. The Range of Thorium Xx. 


Prior to the appearance of the recent paper of Marsden 
and Barratt *, our knowledge of the existence of two alpha- 
ray products in the excited activity cf thorium rested largely 
on the fact discovered by Hahn, that alpha rays of ranges 8°6 
and 5:0 em. respectively were found by Bragg’s method. 
This fact did not seem to be in accord with the value 
v=0°427 if one assumes that each alpha-ray product pro- 
duces per second the same number of alpha rays as does 
the equilibrium quantity of ThX. We therefore constructed 
a range apparatus of the type described by Geiger and 
Nuttall, using instead of a quadrant electrometer a gold-leaf 
electroscope. The active source wasa circular aluminium 
disk 5 mm. in diameter, which had been exposed, on negative 
potential, to a source of thorium emanation until it had an 
alpha activity about fifteen times the uranium standard. It 
was then removed from the emanation and allowed to stand 
over night so that its decay would occur exponentially with 
the period of B. The activities (corrected for decay during 
the experiment) at various pressures between 88°21 and 
21°82 cm. of mercury gave graphs which coincide essentially 
with those published by Marsden and Barratt, and show the 
existence of two alpha rays of range 8°6 and 4°8 cm. 

The difficulty apparently caused by the proof of the 
existence of two alpha-ray products in the excited activity 
has been removed, however, by Marsden and Barratt’s 
discovery that for each 100 alpha particles of Em there are 


* Proc. Lond. Phys. Soc. xxiv. p. 50 (1912). 
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but 65 alpha particles of range 86 cm. and 35 of range 
4-8 cm.*. The detailed discussion of this matter is given in 
Section VI. 

Hahn { also determined the ranges of ThX and Hm, 
finding 5°7 and 5:5 em., and arbitrarily ascribed the 5°7 
value to ThX. We now know that ThX must contain the 
very short-lived A as well as the emanation. Marsden and 
Barratt have found the ranges of Em and A to be 5:0 and 
5°4 cm. respectively. Furthermore, if we calculate the 
range of ThX by the law relating ranges and periods, first 
suggested by Rutherford, and later tested by Geiger and 
Nuttall for the radium and actinium series, we find the value 
4:1 cm, Wehave made range determinations of ThX which 
show very clearly the presence of an alpha-ray product of 
much shorter range than that of the emanation. ‘The longer 
ranges correspond with those given by Marsden and Barratt 
for Em and A, namely 5:0 and 5:4 cm. (at 0° and 760 mm. 
pressure), while our lowest value is 4:1 cm. (at 0° and 760 
mm.). The ThX was prepared as was described in Section II., 
special care being taken to have a very active preparation, 
obtained by the use of only one milligram of barium chloride, 
to precipitate the ThX. A part of the active barium sulphate 
was made into a very thin film 4 mm. in diameter on the 
centre of the brass disk of the silvered ionization flask, of 
internal radius 9°075 em. Measurements of the activity were 
then made at pressures between 75 and 23 cm. of mercury. 
Table IV. gives the observed results, at a room temperature 


or 24°°3. 


TABLE LY. 


Pressure ......... 74-93 66:03 57-11 52:15 49:57 48°43 47-68 46:56 
NELIVIEY feel s2 1:000 1:0038 1:022 1:084 1:040 1048" #0527003 
Pressure ......... 4540 4441 43:12 42:38 41°40 40:13 39°06 38:26 
Activity i... jue. 1:028 1:023 1:014 1:006 -988 ‘969 "948 -930 
(PrOssSUPe cc.ccscce 37°26 86:20 35-21 3414 33:01 “S)-67 2fe202e00 
*GACEIVILY si.nis ise ‘O14 “888 °864 ‘841 “804 ‘760 --G4) setae 


The graph obtained from these results (fig. 1) changes 
direction at points corresponding to pressures of 36°0, 42: G 
and 47°6em. ‘These points indicate ranges of 3°94, 4° 68, and 
5°22 cm. respectively at 0° and 76 em. pressure, But ‘hese 
figures must be increased somewhat on account of a slight 


* See also, Barratt, Ze Radium, ix. p. 81 (1912). 
+ Phil. Mag. [6] xi. p.. 792; xii. p. 82 (1906). 
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decrease of velocity of the alpha particles within the barium 
sulphate film. Although the latter was very thin, we 
estimate that its stopping power was equivalent to Sherk 
0°2 cm. of air. The ranges then become 4°14, 4°88, and 


5°42 om. for air at standard temperature and pressure. The 
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last two figures are close to the values found by Marsden and 
Barratt co Emand A ; namely 5:Oand 5-4 cm. respectively. 
Our lowest value must therefore represent the range of ThX. 
Three additional series of measurements ane results which 
agreed well with those repr esented by fig. 1. They all con- 
firm Marsden and Barratt’s values for Bm and A and show, 
further, that the range of ThX is very close to 4°1 cm. at 
0° and 76 cm. pressure. This value agrees with that cal- 
culated from the period of ThX and is also in good accord 
with that expected from its activity, as is shown in the 


following section. 


© * “VI. Relation of Activity to Range. 


After the ranges of a number of the radio-products had 


been measured by Bragg, Boltwood* suggested that the 
ionization produced by equal numbers of alpha particles of 
various substances was proportional to their ranges. He 
found that the activity of radium plus the rapidly ‘chan ging 
products of radium was 5°64 times the activity of radium 
alone, while the sum of the ranges was 5°60 times the 


range of the alpha particles of radium. Attempts to osellih 


* Phys, Zeitschr. vil. p. 489 (1906). 
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similar relationships in the thorium series have heretofore 
been unsatisfactory. There were reasons why this might be 
so. In the first place the activity ratios were not known: 
with sufficient accuracy, as we pointed out in Section LI. of 
this paper; secondly, Boltwood’s assumption might not be 
correct; and finally, as is now known, the components of 
C are not successive, C; giving 65 per cent. and Cy 35 per 
cent. as many alpha particles per second as the equilibrium 
amount of the emanation. We have made careful determina- 
tions c£ two activity ratios, w and y (Sections II. and ITI.), 
by means of which we can compare the activities of the 
respective substances with their ranges. The work of Bragg”, 
and Hahn 7, Rutherford f, Geiger ve Taylor || and others has 
thrown much light on the nature of thé ionization curve of 
an alpha particle. It is now quite certain that ionization 
is not uniform along the path of an alpha ray, but that it 
increases markedly toward the end of the range. It appears, 
however, that during the last two or three em. of their ranges, 
tne alpha particles of the various radio-bodies all behave 
exactly alike in respect to the number of ions produced in 
each corresponding element of the remainder of the path. 

This conclusion is wholly consistent with the fact that all 
alpha particles are atoms of helium, and differ from one body 
to another only in initial velocity. Brage 4] coneluded that the 
ionization of an alpha particle was giv en by the expression 


a 


VS ROT LESS 


where ais a constant, R is the range, and Z is the distance the 
particle has already travelled ; R—Zis then the remainder 
of the range to be traversed. More recent investigations 
by Geiger ** have shown that 


Seve! aah ae 


pan Ce i) 
ce iy os Ce 


where 2 is the ionization at any part of the path, and where 
Rand Z have the same signific ance as before and q@’ isa 
constant. If we represent the total ionization of an alpha 


* Phil. Mag. [6] xi. p. 617 (1906) ; xiii. p. 333 (1907). 
+ Phys. Zeitschr. vii. My 412 (1906). 

t Phil. Mag. [6] xii. p. 184 (1906). 

§ Proc. Roy. Soe. A. lxxxiii. p. 605 (1910). 

|| Phil. Mag. [6] xxiii. p. 670 (1912). 
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particle by I, then dl=idZ, and therefore 


i 38 ] 
r={ A/ pny = KB oy ey, 
v9 ans 


where K isaconstant. The facts just considered indicate 
that the ionization of equal numbers of alpha particles is not 
directly proportional to the respective ranges, as Boltwood 
suggested. Inaradioactive series if each atom of each alpha- 
ray product gives one and only one alpha particle upon dis- 
integrating, then for equilibrium proportions of the products 
of the series, each product will give rise to equal numbers of 
alpha rays per second. In such acase the relative activities 
of various products will be proportional to the 2 power of 
their ranges. In Table V., column three, are given values 
of KR?°, K being so chosen that the value of the expression 
is unity for Rt. 
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Now we have found in Section II. that the activity of 
B+C,+ C.+D compared with the equilibrium amounts of 
ThX+Hm+A gave the value =0°427 ; and in Section IIT. 
that the activity of ThX + Em+A+B+C,+C,+ D compared 
with the equilibrium amount of Rt gave the value y=5'23. 
From these results it follows that the activity of B+C,+ 
O,+D is 1°565 times that of Rt, and also that the activity of 
ThX + Em +A is 3°665 times that of Rt. A small correction 
must be made on account of the beta-ray activity of Band D. 
We found that this activity was 1°6 per cent. of the total 
activity of B+ C,+C,+ D for our electroscope. The alpha-ray 
activity of C+ Gp i is silent 1:540 times that of Rt, while 
the beta-ray activity of B+D is 0°025. These observed 
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activities are recorded in column five of Table V. In column 
four are given the calculated activities of the two groups of 
products ; for ThX+Em-+ A the calculated activity is taken 
as the sum of the values of KR? for the three products. 
For C;+C, the sum of the values of KR? would be 2°96 
while the actual value is 1°54. The explanation of the 
apparent discrepancy is found in the fact, established by the 
work of Marsden and Barratt * and of ewe T, that Cc. and 
C, together give per second the same number of alpha 
particles as the equilibrium amounts of each of the preceding 
substances, Cy; giving 65 per cent. and C, 35 per cent. of the 
total. If we add together these fractions of the respective 
values of KR?? for C, and Cy we get 1°56, which is almost 
identical with the experimental value 1°54. 

In the last column of Table V. are given the theoretical 
activities, calculated on the basis of the value under KR?*, 
excepting that for the activity of the components of C, KR? 
is taken as 1:56. ‘The theoretical activity as calculated for 
thorium is 11:4 per cent. of the total activity of the series. 
Now Ashman { has found 11 per cent. for this activity. The 
agreement is excellent, but the experimental result is pro- 
bably not wholly trustworthy because of the probable 
presence of some ionium in the thorium ; since Boltwood § 
has found that all the ionium in a mineral remains with the 
thorium. Ashman’s thorite contained some uranium and 
must therefore have contained some ionium. However, we 
may expect that the activity of thorium will actually have 
jast about the value Ashman found. The close agreement 
between the activities actually observed, as represented by 
the ratios w and y, and those calculated from the ranges, give 
further experimental evidence of the validity ot the ex- 
pression J=KR?*; they also lead us to believe that the 
uncertainty which up to the present time has existed in 
regard to the thorium series has at last been removed. 


Summary. 


1. Numerous chemical reactions of the radioactive pro- 
duets of thorium were studied. It was found that each 
product has its own characteristic chemical properties. rom 
a knowledge of these properties, methods were worked out 
for the separations of the various products from inactive 


* Loe. cit. 

+ Le Radium, ix. p. 81 (1912). 

t Am, Jour. Sci. [4+] xxvii. p. 65 (1909). 
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substances and from one another, and for the preparation of 
several of these products completely free from radio-active 
impurities. 

2. The relative activities of thorium B+ C-+ D and thorium 
X + Emanation+A was determined by preparing thorium X 
entirely free from B+C-+ D and determining its change of 
activity with time. Knowing the periods of each of the 
substances, the activity of B+C+ D was found to be 0°427 
of that of thorium X + Emanation+ A. 

3. By determining the initial activity of pure radio- 
thorium and its change of activity with time, it was found 
that the products of radiothorium are 5°23 Pmes as active as 
the radiothorium itself. . 

4. In order to make the caiculations of the results of 3 
and 4, it was necessary to know the periods of the various 
radio-bodies accurately. Asa result of new determinations, 
the accepted periods of thorium X and thorium B were con- 
firmed as 3°64 days and 10°60 hours respectiv ely. The 
period of thorium C was found to be 60°8 minutes instead 
of 60°4 minutes (Lerch). 

5. It was shown that the accepted value of the range of 
thorium X 5°7 cm. was incorrect, and that the true value 
is4°1 em. This value is in good accord with that expected 
from the period of this substance. 

6. It is shown to be theoretically probable that the total 
ionization of an alpha particle is proportional to the $ power 
of its range. It isthen shown that the activities found in 3 
and 4 are in excellent agreement with those expected from 
the ranges of the various active substances. 

Kent Chemical Laboratory, 

University of Chicago, 
October, 1912. 


XXXVIII. Production of Fluorescent Réntgen Radiation. By 
J. CRosBy CHapMaNn, B.Sc., Tutor in Mathematics at King’s 
College, London, late Research Student of .Gonville and 
Caius College, Cambridge”. 


fe satisfy the corpuscular theory, Professor Bragg has 

recently suggested that not only ionization is an indirect 
phenomenon due to 8 rays, but that in addition the fluorescent 
X-rays themselves are possibly due also to action of the 
B-rays. That is, the fluorescent X-radiation is a tertiary and 
not a secondary effect, being merely due to the expelled 


* Communicated by Professor C. G. Barkla. 
+ Bragg and Porter, Proc. Roy. Soc. A. vol. Ixxxv. p. 350. 
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electrons themselves colliding with other atoms, and in this 
way producing the peculiar type of radiation known as 
fluorescent X-rays. 

This theory, that the secondary homogeneous radiation 
results from the bombardment of atoms by ejected corpuscles s, 
has been discussed in a research published with Mr. Piper”, 
as well as in a later papert. The object of the exper ‘ideas 
suggested by Professor Barkla, and described in the ie 
paper, was to test this theory directly. Allowing X-rays to 
fall on bromine vapour (C,H;Br), it was found that the 
presence of CQ, in the first case, and H, in the second case, 
as the gas separating the ethyl bromide molecules, made next 
to no difference in the amount of secondary radiation emitted 
by the bromine when excited by X-rays. Whereas on this 
theory, since the COs, whichis a heavy gas, must absorb many 
of the expelled corpuscles, while a light ¢ gas cannot do this, 
the CO, ought to interfere with the conversion of the cathode 

rays into bromine X-rays, and thus a greater intensity of 
secondary radiation be obtained in the second case than in 
the first. This was not found to be so. 

The results obtained were :— 


Secondary radiator .... C,H,Br-. 


Intensity of secondary radiation with H, separating C,H;Br molecules __ ‘O1 
“Intensity of secondary radiation with CO, separating C, H,Br molecules * a 


The calculations given in the paper show that, if the theory 
is correct that the expelled corpuscles from bromine do, by 
subsequently bombarding fresh bromine atoms, make the 
latter emit homogeneous radiation, there should be a notice- 
able difference in the intensity of the radiation in the two 
cases. [rom the fact that the radiations were of the same 
intensity, the conclusion naturally followed that this theory 
of the indirect action of the X-rays in producing fluorescent 
X-radiation is untenable. 

This experiment, however, does not seem to Professor 
Bragg to be decisive. For in a recent paper published with 
Mr. Porter, he criticises the conclusion stated above, in the 
following way{:—‘‘ This does not seem to me conclusive. 
If the production of X-rays is a consequence of the encounters 
of cathode rays with bromine atoms, there will be an ample 
opportunity for the effect to take place even though the CO, 
molecules are scattered among the bromine atoms. If an 
electron meets a CO, molecule first it is not arrested there, 

* Chapman and Piper, Phil. Mag. June 1910. 
t+ Chapman, Phil. Mag. April 1911. 
{ Loe. cit. footnote on pp. 850 & 351. 


. 
| 
. 
| 


Production of Fluorescent Leéntgen Radiation. 31 


but deflected, and may have hundreds of encounters before 
it; so that its chance of meeting a bromine atom is practi- 
oe as great as ever. If it is argued that the cathode ray 

‘absorbed’ by the bromine and COs, in proportion to 
cht, it must be answered that whatever ‘ absorption > may 
mean, there is no clear evidence of the universality of 
Lenard’s law.” 

Such a fundamental difference between the action of the 
CQO, molecules and the Br atom on the electron, as Professor 
Bragg has been compelled to ascribe, is purely hypothetical, 
and until experimental evidence of its truth can be brought 
forward, it must be treated as an assumption which is merely 
a convenience when explaining the results of the above 
experiment from the point of view of the corpuscular theory. 

With regard to Lenard’s law, at the time when the paper 
was written, and in fact even now, the law is not completely 
established, but recently it has been shown to be an approxi- 
mate representation of what actually takes place, even for 
slowly moving corpuscles, and Professor Bragg himself has 
published results from which he draws important conclusions 
which necessitate a far more accurate fulfilment of this law 
than was needed in the experiment referred to. 

However, to settle the point as to whether the fluorescent 
X-rays are produced directly or indirectly, the following 
experiment was devised, so that in the case of one X-radiator 
the corpuscles were certainly absorbed in the radiating sub- 
stance, while in the case of the other radiator, the corpuscles 
lost their energy in a substance in which it is impossible to 
produce measurable secondary fluorescent X-radiation. In 
constructing an experiment to meet this demand two dif- 
ficulties have at once to be faced. In the first place, if any 
appreciable fraction of the total amount of corpuscular 
radiation produced in a sheet of metal is to escape trom the 
metal, the latter must be exceedingly thin, of the order otf 
10-° cm. Secondly, the method of separating the different 
parts of the radiator must be such as will readily allow of 
the whole serving as a convenient secondary radiator. 

Recently, however, I have shown* that gold with other 
heavy elements is a most efficient secondary X-radiator; and 
that its type of radiation T, both in regard to the secondary 
X-radiation and the @-rays produced, differs in no respect 
from the type of radiation emitted by an element such as 
bromine of the more usual group K (elements Cr—I). Now 
gold in the form of leaf can be obtained in exceedingly thin 


* Chapman, Proc. Roy. Soc. A. vol. Ixxxvi. (1912). 
+ Chapman, Proc. Roy. Soc. A. vol. Ixxxvili. (1913). 
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sheets of the order of thickness required by the experiment. 
In addition, it has often been proved that carbon is a most 
inefficient corpuscular radiator, so much so that in all ex- 
periments where this type of radiation from the walls of the 
ionization-chambers is to be minimised, carbon in the form 
of paper is used for this purpose. So that, instead of air or 
CO, separating the different portions of the radiator, which 
is in the form of gold leaves, it is possible to use thin paper. 

Apparatus.—The apparatus, with a few modifications, was 
similar to that used in previous experiments. 


Construction of Radiators. 


The two radiators, the efficiency of which as fluorescent 
X-ray producers it was required to determine, were con- 
structed as follows:— 


Fig al. 
PE I EE 
[amor a ae 
|--------4 
2 EES ess 
meas 
Per raeETe ras 
Radiator I. Radiator II. 
Gold leaves separated. Gold leaves together, 


Continuous line=sheet of paper, 
Dotted lines =gold leaf. 


The important point to notice is that both radiators con- 
sisted of the same mass of gold and paper, namely, seven 
gold leaves and sixteen paper sheets, the sole difference 
between the two radiators being the relative positions of the 
gold and the paper. 

In radiator I. we have first two sheets of paper then a gold 
leaf, then again two sheets of paper and another gold leaf, 
and so on till the seven gold leaves and the sixteen paper 
sheets are all used. In radiator JI., however, we take first 
eight sheets of paper, then seven gold leaves altogether, 
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followed by another eight sheets of paper. Hach of these 
two arrangements of gold leaf and paper was mounted 
between thick aluminium frames. In this way the leaves 
and paper were gripped around their edges, and with a little 
care in fixing the outer paper sheets with shellac on to the 
frames, it was arranged so that the paper in each case was. 
stretched tightly across the frame. The two aluminium frames. 
were pressed together in a vice and melted wax was run 
around their edges, so that the two remained tightly pressed 
to one another. The thickness of the effective parts of each 
radiator, that is, in the centre, where the X-rays struck and 
where there was no aluminium, was such as could be accounted 
for by the presence of the paper sheets alone. The desira- 
bility of leaving no air-gaps will become apparent in the 
calculations. A third radiator was made in a similar manner 
containing only the sixteen paper sheets. 

It may be added here, that alternate gold leaves, taken 
from the same book, were used to form the radiators I. and 
Il. respectively. It will be noted that, owing to the arrange- 
ment of the paper and the gold leaves and their small 
absorption, the gold fluorescent radiation was absorbed to. 


approximately the same extent in the two cases. 


Object of this Construction. 


Imagine now the same primary beam of X-rays to be 


passed through radiator I. and radiator II. successively. 
Consider, first, radiator I: suppose there is being produced 
in the central ‘gold leaf 6 a certain amount of corpuscular 
radiation. It will be shown later that the greater part of 
the energy of these corpuscles escapes from the leaf. This 
is the sole assumption made at the present, and it is proved 
by actual experiment later in the paper. ‘Then in radiator I. 
the corpuscles which emerge from the central leaf 6 will at 
once pass into paper, where they will be totally absorbed, so 
that their existence as regards acting on gold atoms is at an 
end. Whereas in radiator II. corpuscles produced at 6 will 
have to spend practically the whole of their energy in the 
gold leaf itself. So that, while in the case of radiator I. the 
corpuscles spend a large part of their energy in the paper, 

in the case of radiator II. the corpuscles spend almost all 
their energy in the gold. So that, quite apart from any 
meaning ‘‘absorption” may have, we should expect, if the 
expelled electrons by bombarding other gold atoms produce 
secondary X-radiation, that the radiator II. would be more 
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efficient than radiator I. in producing such radiation. Two 
sheets of paper were used to separate the gold leaves in 
radiator [. so as to ensure in all parts a sufficient thickness to 
absorb the whole of the incident corpuscular energy. 
The research resolves itself into three parts :— 


(1) to test the efficiency of the two X-radiators ; 

(2) to determine the penetrating power of the exciting 
primary beam ; 

(3) to investigate what fraction of the total corpuscular 
radiation produced in one gold leaf escapes from 
that leaf. 


Tifficiency of the two X-radiators. 
The following were measured :— 


(a) the efficiency of radiator I. as a fluorescent X-ray 
producer ; 

(L) the efficiency of radiator II. as a fluorescent X-ray 
producer ; 3 

(c) the intensity of scattered radiation from the third 
radiator consisting only of paper. 


Using the results so obtained, the ratio of the efficiencies of 
‘the radiators I. + II. was calculated. It only remained to show 
that the radiation which was being measured was actually 
the gold characteristic radiation. In order to prove this the 
absorption in aluminium of the radiations from the gold 
radiators was determined, allowance being made for the 
scattered radiation from the paper. No correction was 
applied for the scattered radiation from the gold itself; this 
correction is of such a small order that in the experiment it 
would have served no purpose. The absorption coefficient 


(5) of these rays in aluminium was equal to 20°6, while 


the most accurate value of — for gold radiation in alumi- 
p 


nium=21'6, and this is after somewhat tedious corrections 
have been applied. This near agreement of 20°6 and 21°6 
showed that the radiation, the intensity of which was being 
determined, was actually the gold radiation. 

The results obtained after subtraction of the scattered 
radiation from the paper are given below in tabular form. 
In each ease the radiation when radiator I. was used is taken 


as the standard. 
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TABLE I. 
Intensity of fluorescent | Intensity of fluorescent Mean 
X-radiation from X-radiation from Ratio Re. 

radiator I. radiator II. A AGE Al 

[gold leaves separated]. | [gold leaves together]. B of 
B. Be primary. 

100 100 1-00 18 

100 104 1:04 0-8 

100 96 "96 ic 

100 99 “99 4-1 

| 100 99 99 39 

100 97 OF 7 

100 100 1:00 4'8 


Taking mean value 
Intensity of fluorescent X-radiation from radiator II. __ , 9 
Intensity of fluorescent X-radiation from radiator I. ~ 


- in Al of gold characteristic radiation experimental = 20°6 
Standard value=21°6 


- Penetrating Power of the Primary Radiation. 

The X-ray bulb furnishing the exciting primary radiation 
was fitted with a palladium side tube, which enabled the rays 
leaving the bulb to be made of any desired degree of hardness. 
The value of the mean penetrating power of the radiation was 
obtained by finding the absorbability of the radiation scattered 
by a thin carbon sheet, the scattered radiation from carbon 
being almost identical with that of the primary radiation. 
In order to obtain the very hard rays, not only was the bulb 
worked at its maximum hardness, but in addition thick 
aluminium (*19 cm.) was placed in the path of the primar 
beam soas to absorb all but the hardest rays from the bulb. The 


; ; Ne bets 
values for the absorption coefficient (=) in aluminium of the 


primary beam are given in. column 4 of Table I. 

The importance of knowing the order of the penetrating 
power of the primary beam is clear from the work of Cooksey*, 
Innes f, Sadler t, and Beatty §, which shows that the velocity 

* Cooksey, Amer. Journ. Sci. (4) xxiv. (1907). 
+ Innes, Proc. Roy. Soc. Ixxxix. (1907). 


{ Sadler, Phil. Mag. March 1910. 
§ Beatty, Phil. Mag. Aug. 1910. 


Phil. Mag. 8. 6. Vol. 25. No. 147. March 1913. 2C 
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with which the corpuscles are ejected varies directly with the 
penetrating power of the exciting radiations. Suppose in 
this experiment it had been possible to use a very soft 


e e nr e e s e 
radiation, say — in aluminium =60, the corpuscles ejected 
e 


by this primary would have had relatively low velocities, and 
would be rapidly stopped, and few would be able to emerge 
from the gold leaf, so that the total effect would have been 
that practically all the corpuscular radiation would have 
been absorbed in the gold leaf, whether radiator IJ. or 
radiator Il. wasused. In this case the experiment as a test 
of the two theories breaks down. If now instead of a soft 
radiation the hard primary beam is employed, it can be 
shown that as large a fraction as 70 per cent. of the total 
corpuscular energy produced in a gold leaf escapes from the 
metal. 

As the only assumption underlying the experiment depends 
on the fact that a reasonable fraction of corpuscles which 
have still sufficient velocity to excite the characteristic 
radiation from the gold shall escape, it was thought advisable 
to determine this fraction experimentally, though the pene- 
trating power of the corpuscular radiation could easily have 
been calculated from the figures of Beatty or Sadler. 


Corpuscular Radiation produced in Gold by the 
Tin Radiation. 


Tin serves as a convenient secondary radiator, for it emits 
in moderate quantity a very hard radiation the absorption 


coefficient (=) of which in aluminium =1°5, a hardness of 


the order of the primary beam used in this experiment (see 
Table I. column 4). The object of this part of the research 
was to determine what fraction of the total energy of the 
corpuscles produced in a gold leaf by tin radiation is able to 
escape from the metal itself. 

This was accomplished in the following manner :—An ioni- 
zation-chamber (1 cm. thick), kindly lent me by Mr. Philpot, 
was fitted with an electrode made of fine aluminium wire 
mounted on an aluminium frame, and this electrode was 
connected to an electroscope. The back and front of this 
chamber were made of carbon. Initially when rays passed 
through the chamber, the ionization, which was small, was 
almost wholly due to the ionization of the air by the tin 


an 
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radiation. Supposing now on the internal incidence face of 
this ionization-chamber a single gold leaf is affixed; and the 
tin rays again passed through the chamber. There-is then 
superimposed on the original effect due to the air, the 
ionization produced by that fraction of the corpuscular rays 
produced by the tin radiation which is able to escape from the 
gold and produce ionization in the air. If nowa second leaf 
be added, and if it happens that corpuscles are able to 
penetrate more than one thickness of leaf, there should be 
an increase in the ionization due to that fraction of the cor- 
puscular rays from the first leaf which is able to penetrate 
the second leaf, and thus ionize the air in the chamber. In 
this way leat after leaf was added until further leaves produced 
no increase in the intensity of ionization. At this point the 
layer of gold on the internal incidence face could be con- 
sidered infinitely thick from the point of view of corpuscular 
rays. 

In the following table the values of the ionization corre- 
sponding to the various numbers of radiating leaves are 
given. 


Tasue II. 
Metal acting as corpuscular radiator—Gold. 
Exciting radiation—Tin. 


Thickness of gold=9°9 to 10:1 x 10-§ em. 


Intensity of Ionization 


No. of gold leaves due to:— — Intensity of 
serving as corpuscular (I.) Direct air effect. corpuscular 
radiator. (II.) Corpuscles expelled radiation. 
from gold. 

a etatepneml 2:0 0 

tL ee Ne 60 4:0 

Bryhuiteeeicnin si 79 5:9 

BBN de Asias sAcksntls 86 6°6 

Or Sore ee 9:0 70 

Oe ke et 8-9 | 6°9 


From these results a curve (p. 368) is plotted showing 
the relation between ionization due to corpuscular radiation, 
and the number of leaves which served as corpuscular 


radiator. 
we) Oia 
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From measurements of this curve it can be shown at once 
that the total energy of the radiation produced in the gold 
leaf by the tin radiation is absorbed to the extent of 52 per cent. 
(approximately), when it passes through a thickness of gold 


Fig, 2. 
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equivalent to one leaf. Since the absorption of corpuscular 
rays in one gold leafis 52 per cent., this means that half that 
thickness will absorb something of the order of 30 per cent. 

Arithmetical calculation gives the following figures when 
one gold leaf is considered. 


Gold leaf thickness =9°9 to 10°1 x 10-° em. 
Corpuscular radiation produced by tin characteristic rays, 


Energy of corpuscular radiation emerging from gold leaf 
Total energy of corpuscular radiation produced in gold leaf 


=—="on 


And this was the fraction it was required to determine. 

The following results should be stated as showing the 
smallness of error due to absorption of the gold X-radiaee 
by the paper and gold leaf. 


Percentage absorption of gold fluorescent radiation by:— 


(1) A single thickness of paper = ‘7 per cent. 
(2) A single thickness of gold leaf =2°0 __,, 


eee eee 
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It is now possible to calculate as completely as the expe- 
riment demands what should be the difference in the effici- 
encies of the two radiators I. and II., supposing that the 
bombardment theory to. be an accurate representation of fact. 

From Whiddington’s* results, assuming the general law, 
velocity of ejection of corpuscles by tin radiation 


STO a 
Now velocity of corpuscles when they no longer have the 
power of producing gold X-rays (Fin Al=21°6) 
ta 


Sec, 


Therefore the minimum fraction of energy which they 

must lose before they cease to produce gold X-rays is 
119)?—(74)? 
c a9 ) =61 per cent. 

But it is experimentally found that they lose only 30 per 
cent. of their energy before they emerge from the gold; 
that is, they must still possess the power of producing an 
intense X-radiation from the guld. The experiment shows, 
hewever, that the X-radiation is just as intense when this 
corpuscular energy is absorbed in paper as when it is absorbed 
in gold. 

If the X-radiation produced in gold be taken as proportional 
to the diminution in energy of the corpuscles in the gold, the 
ratio of the X-ray efficiencies of the two radiators would be 


Hfficiency of radiator IL. _ 2+] 
lifficiency of radiator I. ib soils 


Correcting for the surface effect in radiator II., this ratio 
works out at 

Efficiency of radiator IT. = 1-9 

Efficiency of radiator I. 


The experimental ratio of the two efficiencies is 


Efficiency of radiator II. _, 


=—'99, 
Efficiency of radiator I. 


No conceivable hypothesis as to the relative efficiencies of 
corpuscles of varying velocities in producing X-rays can 
explain this difference between the theoretical and the expe- 
rimental ratio. So that this experiment seems clearly to 


* Proe. Roy. Soc. A. Ixxxvi. p. 376 (1912), 
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prove that the bombardment theory does not represent even 
to a small extent what takes place when secondary fluorescent 
radiation is produced. That is, fluorescent radiation cannot. 
be an indirect effect of @-ray activity 

In addition, it will be noticed that in the case of radiator I. 
there is much less ionization in the gold than is the case in 
radiator II. So that this experiment seems to negative those 
theories which assume that it is on recombination of the gold 
atoms that the fluorescent X-radiation is produced. 

The evidence of this paper strengthens the theory put 
forward by Professor Barkla*, and supported by later papers, 
namely, that the atom from which the electron is ejected is 
the seat of production of the radiation. 


Summary. 


The paper deals with Professor Brageg’s theory that the 
fluorescent X-radiation is produced indirectly by the action 
of the expelled 8-rays, and not by the direct action of the 
primary beam. 

His criticisms of a previous paper in which an experiment 
is described to test this theory have been discussed. 

Another experiment has been performed, in which the 
theoretical objections he raised have been obviated. The 
results obtained agree precisely with those given previously, 
and indicate that Professor Brage’s bombardment theory 
does not represent even to a small extent the process of 
production of the fluorescent Réntgen radiation, 


In conclusion, I wish to express my thanks to Professor 
Barkla for his continued help and advice. 


Wheatstone Laboratory, 
King’s College. CS tt, 


a 
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XXXIX. The Ionization idee ie emer Salts. By 
CHARLES SHEARD, AA., Assistant Professor of Physics, 
Ohio State Unive ersity, and Fellow in Physics, Princeton 
University. 


NVESTIGATIONS have been made in recent years upon 

the existence of positive and negative emissions from 

heated salts and upon the values of ath of the emitted ions. 

Many substances have been examined as to their ionizing 
* Jahrbuch der Radioaktivitiit und Elektronik, iii. (1908). 

+ Communicated by Professor O. W. Richardson. Read before the 


American Physical Society, New York Meeting, March 2nd, 1912. See 
Abstract, Phys. Rev. xxxv. pp. 234-236, 1912. 
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powers * and certain conclusions drawn which are indicated 
below. The relation } between the values of the currents 
and the temperature is generally that given ne Richardson’s t 


formula 
b 


i=AGe 84, 
It seems likely that this formula always holds good, provided 
the chemical nature of the source of the ionization is un- 
affected by the temperature changes. The positive current- 
time relations show arise toa maximum value of the current 
followed by decay with time, and are satisfactorily re- 
presented by a formula § of the type 


1 = A(et—e-Mt), 


The only exceptions to this statement of which the writer is 
aware are the results of Schmidt’s || experiments with haloids 
of cadmium. Some substances apparently give copious 
positive and others abnormally large negative ionizations{]. 
Most of these experiments have been made with salts in 
contact with metallic plates, usually platinum. Garrett and 
Willows **, in repeating the work of Beattie Tf upon the 
conductivity produced by heating common salt and iodine 
on an insulated zine plate, concluded ‘ that the metal is a 
necessary part to the changes causing the conduction.” This 
is likewise the view held by W. Wilson tf in some recent 
investigations with aluminium phosphate. Furthermore, 
Horton §§ has advanced the view that moiecules of CO gas, 
liberated from the glass walls of the containing vessel and 
diffusing into the surface of the metal, finally emerge in an 
ionized conditien. It is important, then, that the ionization 


* Some of the substances which have been found to produce ionization 
at temperatures of about 400° C. are listed in papers by Garrett (Phil. 
Mag. [6] xiii. p. 729, 1907) and Schmidt (Ann. der Phys. [4] xxxy. 
p- 404, 1911). 

7 Garrett & Willows (Phil. Mag. [6] vill. p. 437, 1904). A. E. 
Garrett (Phil. Mag. [6] xiii. p. 728, 1907). 

t Proc. Camb. Phil. Soc. x1. p. 286, 1902, and Phil. Trans. 201, p. 516, 
1903. 

§ Zoe. cit. under + and also A. E. Garrett (Phil. Mag. [6] xx. pp. 573- 
591, 191C). 

I Ann. der Phys. [4] xxxv. p. 401 (1911). 

{| A. Wehnelt (Phil. Mag. [6] x. p. 80,1905). J.J. Thomson (Camb, 
Phil. Soc. Proc. xiv. p. 105, 1907). 

** Loc. cit. 

tt Phil. Mag. [5] xlviii. p. 97 (1899) and [6] i. p. 442 (1901). 

tf Phil. Mag. [6] xxi. p. 634 (1911). 

§§ Proc. Roy. Soc. ser. a vol. lxxxiv. p. 433 (1910); Camb. Phil. Soe. 
Proc, xvi. p. 89 (1911). 
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effects from heated salts be examined, using apparatus whieh 
does not involve the heating of the salt in contact with 
metal. 

The nature of the ionization process or processes has not 
been adequately investigated. Richardson* examined the 
positive ionization from several sulphates and phosphates by 
the “strip” and “tube” methods. The tube method gave 
no such diminution in the ionization at low pressures as was 
observed when the salts were heated on the platinum strip. 
These results are explicable if the ionization arises in part or 
in whole from the decomposition, not of the salt itself, but 
ot an intermediate product. The results presented in this 
article will show that there is both an ionization of the 
salt vapour and an emission of ions from the salt. 

Determinations of the specific charget of the emissions 
from heated salts have shown positive ions characteristic of 
the base of the salts and electrons only. In this paper it 
will be shown that with fresh samples of cadmium iodide 
there is a large emission of negative ions when it is first 
heated. In general, the current-E.M.F. curves for the 
negative ionization are very similar to those for the positive. 
This indicates that the negative ions are comparable in mass 
with the positive ions. This point of view is confirmed by 
measurements, carried out about the same time by Professor 
Richardson {, of the value of e/m for the negative ions given 
out by the iodides of the alkaline earth-metals. The values 
found agreed with the view that the ions were atoms of 
iodine carrying a single electronic charge. I have not yet 
had an opportunity to investigate the effect of a magnetic 
field on the initial negative emission from cadmium iodide. 


Apparatus and Methods of EHaperimentation. 


Fig. 1 represents a form of apparatus used in the 
earlier experiments. It consisted of hard glass tubes, each 
30 cm. long and 2°5 cm. internal diameter, joined by a 
cross-connexion of glass 2 cm. long and 1°5 cm. diameter. 
Hach tube was closed with a ground-glass stopper, into 
which were sealed the electrodes. The outer electrodes were 
cylinders of platinum gauze each 6 em. in length. When 
in place they fitted closely against the surfaces of the con- 
taining tubes. This ensured the heated tube and salt being 
at the potential of the gauze, and also prevented the passage 

* Phil. Mag. [6] xxii. p. 669 (1911). 

+ Richardson (Phil. Mag. xx. p. 981, 1910). Davisson (Phil. Mag. 
xxiii. p. 121, 1912). 

} Phys. Rev. xxxiv. p. 886 (1912). 
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of salt vapour between the outer glass walls and the gauze. 
The inner electrodes, centralized with respect to the outer 
ones, were of platinum wire 0°2 mm. in diameter. Hach 
wire was sealed in glass; the lower 6 cm. only were left 
exposed. 


——$__ 


TO PUMP 


The double-tube apparatus was heated in an electric oven, 
and was inserted into it some 10 centimetres above the 
electrodes. The furnace was first heated some 50° C. higher 
than the temperature desired, the tube was then introduced 
and the required temperature obtained in 3-5 minutes. 
This is important, particularly in determining the initial 
stages of the rise or decay of the ionization with time. By 
means of control resistances it was possible to keep the 
temperature constant within 5 degrees over several hours of 
experimentation. 

Before each test the main tubes and the electrodes 
were thoroughly cleansed with nitric acid, sulphuric acid, 
aleohol and ether mixture and distilled water, and then 
slowly dried. At temperatures between 350° C. and 500° C. 
and with potential of + 200 volts applied at the outer 
electrodes, leakage currents were obtained which ranged in 
value from 1x10-® to 1x 1071! ampere. These currents 
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were in general negligible in comparison with those obtained 
after the introduction of the salts. 

The samples of salt investigated were inserted in the same 
half of the double-tube arrangement. In the presentation of 
results, the tube carrying the salt will be referred to as A 
and the ‘‘ unsalted” one as B. 

The connexions and method of operation are outlined in 
fig. 2. The outer electrodes, C and D, were connected to 


Fig’ 2. 
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-a source of high potential. The inner electrodes, A and B, 
were connected in turn to one pair of quadrants of the 
electrometer, or earthed, by means of suitable keys re- 
presented as HE, F, G, and H. For currents less than 
10~* ampere, the time rate of deflexion method was used, 
a one-microfarad subdivided condenser M being connected in 
parallel with the insulated quadrants. For larger currents 
the electrometer was shunted with a resistance of a megohm 
N, or any fraction therecf, and the steady deflexions 
observed. 


Experiments showing that the Ionization 1s partly an 
Lonization of the Vapour. 


Current-E.M.F. curves were obtained for both the posi- 
tive and negative ionization from samples of cadmium iodide 
under different conditions of pressure and temperature. 
Table I. contains a representative set of data given under a 
pressure of 9 cm. and at a temperature of 450-5° C. 
Approximate saturation of currents in both tubes was 

btained at a potential of +160 to +200 volts. The currents 
emained fairly constant under potentials ranging from 160 
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to 320 volts when ionization by collision occurred. The 
above remarks are applicable to positive and negative 
current-E. M. I’. relations obtained at pressures of 9, 7, 3, 1, 
and 0°-4 em. In general it was impossible to obtain, during 
the first ten or fifteen minutes’ heating, current readings 
which were of any value in determining the saturating 
potential. The very rapid initial rise or decay of the 
ionization, as exhibited in the curves in fig. 3, explains 
the difficulty. It was expedient, therefore, to determine the 
relations between current and potential in the regions of 
steady or slow decay with time effects. 


TABLE I. 
fh Jrem: Elo’. T=450=25° ©; dive <t0* amp: 
| 
PorenriAn. CuRRENT. | 
(Volts) (Tube A.) | (Tube B.) 
+40 25'8 4-6 
+80 46-9 11-7 | 
221/20) 640 18°3 
+160 80:0 DI 
+200 82°5 Pe | 
+240 85:0 °26°8 
—40 23:0 2:0 
—80 41:5 29 | 
= NAY | 60°3 7 
—160 | 70'S 5-4 
— 200 70:0 Do 
—DA0 Tae 67 


The positive ionization was examined under a constant 
pressure of 1°3 cm. and at temperatures which ranged from 
345° C. to 465° C. 300 mgms. of cadmium iodide were 
used in each case. Two sets of results are given in fig. 3; 
curves 1 and 2 show the current-time relations at a tempera- 
ture of 385° C., curves 3 and 4 at 465°C., under the 
saturating potential of 200 volts. Curves 1 and 3 pertain to 
the ionization effects in the salted tube A. Curves 2 and 4, 
obtained with the unsalted tube B, show that there can be 
an tonization in B when uncharged matter only enters it. In 
fact the ionization in B may equal or exceed that of the 
salted tube. The current-time relations at 415° C. showed 
that the currents in B, initially equal to those in A, were 
after two hours’ time twice or thrice as large. The ionization 
produced in both tubes when the temperature was below the 
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melting-point of CdI, (402° C. at atmospheric pressure) 
showed decay with time from initial maximum values. In 
contrast, curves 3 and 4, obtained at a temperature of 
465° C., show a rise of current to a maximum value after 


Current -1div= 10 “amp. 


=~) 2 Oo go 
Time- Minutes 


15-20 minutes’ heating followed by values falling off asympto- 
tically with the time. Also, the current-time relations, 
determined at a temperature of 415° C. and a pressure of 
1°3 em., showed a rapid rise in five minutes’ heating to a 
maximum value of the current which was maintained for 
about twenty minutes and then decayed with time to a steady 
value after an hour’s heating. These results at temperatures 
above 400° C. are not in accord with Schmidt’s conclusion 
that the cadmium salts differ from other salts used in not 
exhibiting an initial rise, and that the products of de- 
composition, the active and inactive, have rates of decay, 
A, and A», which are nearly equal to each other. The results 
may be made to fit this explanation if A, and gz have about 
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equal values at the lower temperatures, but vary with the 
temperatures at different rates. 

The maximum positive currents in the salted tube increased 
in the ratio of 20:1 in passing from a temperature of 
390° C. to 415°C. at a pressure of 1:3 cm., the same 
quantity of salt being used in the two cases. 

The ionization in tube B exhibited several maxima during 
the period of slow decay or steady valued currents in 
tube A. Points D, E, and F in curve 2 of figure 3 indicate 
such maxima. Also, at 415°C. it was found that the 
currents in A decayed asymptotically with the time from a 
value of 105x107! ampere at the thirty-minute point, to 
a steady value of 22107" ampere after an hour’s further 
heating. In the same interval of time the maxima and 
minima given below occurred in B :— 


ima: (.) > 2. 2.- 50 60 73 80) 92 120: 
Ce 88 4() ras 44 63 36 
1 div.= 107!" ampere. 


These secondary maxima appeared under different conditions 
of pressure and temperature. It is not likely that they were 
due to salt which had condensed on the cooler portions of 
the tube and fallen back, for these maxima did not occur in 
tube A which carried the salt and, moreover, they did not 
occur in the emission from the original salt, but were found 
in the ionization effects from the first distillate as tested by 
the air-cooled electrode method (see page 386). Professor 
Richardson * has recently reported work in which he was 
unable to obtain with cadmium iodide the specific charge 
characteristic of the cadmium atom. Values were obtained, 
however, showing the presence of sodium, potassium, and 
zinc. Complex chemical changes may, then, have taken 
place, causing these maxima and minima in the positive 
ionization, or else several substances present as impurities 
and having different decay constants may have been the 
sources. 

A rapid fall in current values is shown in curves 3 and 4, 
figure 5, at the points M and N, followed immediately by a 
practically steady current condition of 5-10x10~" ampere 
covering a period of overan hour. These end effects indicate 
the disappearance of the salt and the rapid ionization of the 
salt vapour present in the tubes. The steady current stage 
may be attributed to the ionization from the platinum alone, 
or to the ionization from the products formed at the elec- 
trodes due to the interaction of the vapour and the platinum. 


* Physical Review, xxxiv. p. 386 (1912). 
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When the temperatures were below 400° C., the melting- 
point of cadmium iodide, the greater portion of the salt 
inserted in A remained after the experiments had been 
made. 

The effect of changing potential from positive to negative 
values, and vice versa, on the ionization in tubes A and B, 
was investigated at a temperature of 345-350° C. and a 
pressure of 1:3 cm. The positive current-time relations 
during the first twenty minutes of heating were identical 
with those represented in curves 1 and 2, figure 3. The 
steady current state, reached after 30-40 minutes’ heating, 
furnished an excellent opportunity of studying the effects 
produced by a reversal of the electric field. 


TABLE LT. 
1 div.=1x 10-" ampere. 
Tube A. TuseE B. 

Time. Volts. Current. Time. | Volts. Current. 
(Min.) (Min.) | 

LD +120 46:0 26 +120 9-6 

ar | 43 2 28 9°6 

31 —120 6:8 29 —120 46:0 

33 +120 55:3 32 310 

25 39:2 36 | «+120 89 | 

ot 345 39 fig) 

42 —120 |. 72 41 —120 33'0 

44 3:4 43 12°3 

46 26 45 | 76 

48 +120 41-5 49 | +120 95 

52 25:0 Do | 6:2 

55 18°2 o7 a2 

D9 Lore 60 4°7 | 


An inspection of the results given in Table II. shows that 
a reversal of potential in tube A from positive to negative 
voltages gave negative current readings of about one-fitth to 
one-tenth the positive values immediately preceding. When 
the potential was again reversed, the positive readings were 
temporarily increased, but fell off asymptotically with the 
time and ultimately assumed values fitting upon a curve 
indicating the general decay with time of the positive 
ionization. The corresponding treatment of B showed the 
exact counterpart to the phenomena in A; since, for example, 
the reversal from a positive to a negative potential gave a 
current about five times as great as the previous positive 
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potential reading. Schmidt * investigated in detail the 
effects produced by a reversal of the electric field, using 
cadmium iodide at temperatures of 260° C. and 332° C. and 
a pressure of 3°7 mm. The results recorded in Table II. 
agree in general with those of Schmidt in the case of the 
effects observed in tube B. The results, however, in the 
salted tube A (which should be compared with Schmidt’s 
results) are quite different. 

The ionization produced by cadmium iodide under positive 
and negative potentials was further investigated by making 
use of a modification of the apparatus shown in fig. l. 
The glass portions were similar in form to those previously 
described ; the tubes were 15 cm. in length and 1 cm. in 
diameter. The arrangement of electrodes in tube B was the 
same as shown in figure 1. The inner electrode, however, 
of the tube carrying the salt consisted of a closed platinum 
cylinder fitted in symmetrically with respect to the outer 
platinum gauze. The distance between these two electrodes 
was 2mm. It was thus possible to obtain saturation with 
greater surety, allowing the passage of uncharged matter 
only into B. The experiments with this apparatus were 
made at a temperature of 353-360° C. and at a pressure of 
lem. Saturation was obtained in A for both positive and 
negative potential currents with 80-120 volts. Table ITI. 
contains data for representative current-H.M.F. curves. 


TApiE ELE: 
Tuse A. Tuse B. | 
V + _ + = | 
10 36 3°4 coe a 
20 50 48 te - 
40 63 56 160 2-0 | 
80 9°8 58 265 34. 
120 10°2 6-2 29:0 57 
160° ~ 10°8 7:0 30°71 5:3 
200 S74 83 32:0 70 


The current-time effects were examined in both tubes 
under the saturating potential of +120 volts. The pressure 
was 1 cm. and the temperature 358-363° C. The ionization 
in the salted tube, under either a positive or negative 
potential, fell off from an initial maximum and reached the 
steady state after forty minutes’ heating. This constancy 


* Loe, cit. 
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and practical equality of positive and negative potential 
currents continued for two hours or more. Plenty of salt 
remained in A at the end of the experiment. The positive 
and negative current-time relations for A were identical 
in form with those given in curve 1, fig. 3. The values 
given for tube A in Table IV. are in excellent agreement 
with Schmidt’s results. The ionization effects in the unsalted 
tube, however, showed marked contrasts with those obtained 
in the salted tube. The magnitude of both negative and 
positive potential currents in B in comparison with those in 
A (see Table IV.) is a most noticeable feature. Both 
currents in A had about the same value at corresponding 
times ; in the unsalted tube the ratio of the initial negative 
maximum to the initial positive maximum was 7:1. These 
experiments fully confirm the statement that the ionization 
is partly an ionization of the vapour. 


TABLE LY, 
P=lem. T=358-363°C. 1 division=10-! ampere. 


Time. Tube A. Time. Tube B. 
(Min.) (Min.) 
=F = =F = 
Eee! Leer oe 65 G til Gaia: | 2347 
Re Crea 101 eee 17745 
Tl is atlas ow es ae 1547 
ees eek ene 30°3 TAL eA cen iaes: 16198 
(I Seamer 28 eos ase s 118 
TG ine eee SEG De... aia 12103 
nant, 1:26 Danii cs te 819 
DOE Len iou sss 1°83 DGizes Aime 9100 
155 Same SE keep O61 DOM ain eye 8 637 
Sele eg flea eae 0°85 ers leah ae nese 7462 
Sonne ah tam 0:43 De atic hasmek 455 
AS Ue eae 0-47 Dot cael 5187 
ee Va pee 0°38 ANS wee: Aue 192 
ene Mee: 0:39 LG 6 Dee See eed 2366 
COI Sea Re 8 57 
Gav ee 910 
(lee ote O31 Obie totems 544 
Thigh a ae ay Oy SOvssc Perce: | ou 
DO ieee 83 
OBE Scere 2-3 
TOOR RAS 0°35 LOD. A Ae 48 | 
OAS. eet 0°35 PPI eee 0-78 
1 Asean or TA 
Ney eens ee 0°42 TOG: 8.7 eee O7 
615k Oe ee 0°41 A Roh ees Loa 2 1:4 


Several attempts were made to carry out similar experi- 
ments with this form of apparatus at temperatures above the 
melting-point of cadmium iodide. Wnormous irregularities 


Ionization produced by Heated Salts. 381 


superimposed upon a rapid growth of current with time 
appeared soon after the heating had been commenced. Obser- 
vation showed that the vaporized salt condensed on the cooler 
glass portions of the electrodes and finally bridged across, 
forming an increasingly better conductor as time went on. 


Ionization Lfjects with Iodine and a Comparison with those 
gwen by Cadmium Iodide. 


Shortly after the experiments just described (Table IV.) 
had been commenced, a heavy cloud of what seemed to be 
iodine vapour appeared in the unsalted tube B. There was 
little indication of its presence in other portions of the 
apparatus. ‘This vapour condensed upon the cooler parts of 
the tube and electrodes and partially disappeared with time. 
The tube had a strong odour of iodine when opened. Similar 
phenomena were observed in other experiments. 

These observations suggested that the liberation and 
ionization of the iodine constituent might play an important 
role in the current-time relations, especially in the effects 
observed in the unsalted tube. A considerable quantity of 
iodine was, therefore, inserted in A, and the conditions of 
the previous experiment, using cadmium iodide, as to tem- 
perature, pressure, and potential were duplicated. The 
current-time relations in the tube containing the iodine are 
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given in fig. 4, (0) indicating positive readings and (@) 
negative values. Curves 3 and 4 of this figure show the 
ere relations in tube B. These curves show that 
Phil. Mag. 8. 6. Vol. 25. No. 147, March 1913. 2 D 
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the maximum currents obtained in both tubes under negative 
‘potentials exceeded the maximum positive currents in the 
ratio of 3 tol. This is in agreement with results published 
by A. Campetti*, in which he showed that the electric 
dispersion in iodine with platinum electrodes and for tem- 
peratures up to 500°C. was greater for negative than for 
positive potentials. 

The positive ionization with iodine in A rose toa maximum 
value in twenty minutes and then decayed with time. There 
is no similarity between the positive time-current relations 
in A, using iodine and cadmium iodide under similar con- 
ditions of pressure and temperature. The negative current 
curves are, however, comparable in form. The positive and 
-negative current relations in tube B are similar in the two 
‘cases. The following ratios were found in the. case of iodine 


(fig. 4) and cadmium iodide (Table IV.). 


Ratio, I CdI,. 
Max. Negative in B 
) Max. Negative in A e og 
Max. Negative in B 
SDN), | AeA Sa a iE ee 
) Max. Positive in B 2 2 
Max. Positive in B 20 95 


(3) Max. Positive in A ~ 


Considering the experimental difficulties involved, especially 
in getting the initial, and hence the maximum, current 
readings, it is fairly definitely proven that there is a true 
negative ionization from cadmium iodide due to the iodine 
constituent. 


Emission of Ions from the Salt.—The Existence of 
Negative Ions. 


The existence of a current when the salt-covered plate, 
usually of platinum, is negatively charged, has been taken to 
indicate the emission of negative ions from the salt or volume 
ionization of the vapours given off from the salt. However, 
it might equally well arise from the vapour or the sublimed 
salt at the opposite electrode giving an emission of positive 
ions which would then saturate to the negatively charged 
electrode. For this reason the results with a hot detecting 
electrode, such as was used in the foregoing experiments and 
also by Schmidt in his work, may be equivocal. Furthermore, 


 ® Sci. Torino, Atti, 40, 1, pp. 55-64 (1904-5). 
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chemical reaction* between the vapours and the heated 
electrodes may vitiate the true ionization effects. 

In order, then, to obtain decisive tests as to the presence of 
a true negative ionization and to eliminate effects due to 
chemical action, the containing vessel was provided with an 
nner air-cooled metallic electrode and an outer hot non- 
metallic electrode. The apparatus used is shown in fig. 5. 
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Fig. 5. 
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It consisted of a glass tube 40 cm. long by 4:5 cm. 
diameter. The inner electrode was a quarter-inch brass 
tube sealed into the glass stopper with sealing-wax, and so 
adjusted that its lower end, closed air-tight with a brass plug, 
came about 1°5 cm. from the salt in the bottom of the main 
tube. It was kept cool by passing dry air under pressure 
through a glass tube slipped into the metallic tube. The 
temperature of this electrode rarely exceeded 50-75° C. after 

* There was evidence of chemical action in the blackish appearance 
of the platinum electrodes. Hot aqua regia dissolved these films, but 
hot or cold acids or cold aqua regia had little effect. Ammonia readily 
removed them. Chemical tests, made after several experiments, showed 
traces of zinc, cadmium and a subiodide of platinum. The lower ends 


of the electrodes, which rested above the heated salt, became permanently 
black in colour and brittle after considerable usage. 


2D2 
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the whole system had been heated for over an hour at 460° C. 
The glass vessel, the lower 15-20 cm. of which were inserted 
in the furnace, served as the outer heated non-metallic 
electrode. Auxiliary experiments showed that the glass was 
a good conductor of electricity in the vicinity of 300°C., 
the currents varying linearly with the applied voltages. 
Aluminium foil wrapped tightly about the outside of the 
tube and baked to the glass furnished a convenient method 
of connecting with the source of potential. 

The modus operandi, connexions of the tube with the 
remainder of the testing system, &c., were essentially the 
same as those described in connexion with fig. 2. The 
empty tube, properly cleaned, when heated to 500°C. at 


low pressure gave currents of the order of 1x10~” to 


1x 10-" ampere. 

Table V. contains a set of data for positive and negative 
current-H.M.F. relations obtained at 460°C. and 1 ecm. 
pressure. These values were obtained in the steady current 
regions reached after an hour’s heating under potential. 


TABLE V. 

I div.=10 © ampere: 

Potential. + Currents. — Currents. 
Ce rok cet aaa ert area Ol 0:05 

HIG) ingaeare Cera eent Ak 7 PeateanN 21 

i 0 Ns ee = SS CL pce 2 33 0°13 
21 ade i oases ye ta RY I 6:0 0:22 
SO ei ee ean Sea 9-2 0:32 
ASO MRR ters Shee venice sre Ok ae ae 10°4 0:43 
TAG 0 Ee eeamenn par Abu noa i ctanr Malet R 9 10:4 0°45 
OOO. as: Dearne emia £ 108 0:46 


Two grams of cadmium iodide were heated at a temperature 
of 465-475°C. and at a pressure of 1:8—2 cm. under potentials 
of + 200 volts. The current-time relations obtained are 


exhibited in fig. 6. Curve 1 (0) shows the positive and | 


curve 2 (@) the negative current readings. The most 
noticeable feature is the quantitative relation existing between 
the maximum values of the negative and positive ionizations, 
for the former is over three hundred times as great as the 
latter. The negative current decayed from a value of 
1638 x 107! ampere to 118 x 107!° ampere during the first 
ten minutes. This was followed by the slow decay with 
time period for the succeeding forty minutes, after which 


ee 
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the current remained practically constant at a value of 
2*1x 107! ampere for over an hour. The dotted portion 
of curve 2, fig. 6, shows a rise of current to a maximum 


Fig. 6, 
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value after ten minutes’ heating. This was not as definitel 

indicated in some similar experiments. It is difficult to say 
whether or not such a relation exists, since it is quite likely 
that there is a considerable temperature lag in the glass. 
To overcome this difficulty the furnace was heated about 
fifty degrees higher than the temperature required, the tube 
was then inserted and the currents in the heating apparatus 
regulated to values which experience had shown would give 
the desired constant temperature. The positive ionization 
increased slowly with time from a value of 1 x 10-! ampere 
to a maximum value of 5°8x107!° ampere after 80-100 
minutes, followed by a slow decay period. It is of interest 
to note the dissimilarity in the positive current-time relations 
shown in curve 1, fig. 6, and curve 3, fig. 3. The tem- 
perature and pressure conditions were nearly identical in 
the two cases; the testing vessels were entirely different. 
The negative ionization effects are, however, in good accord 
with those recorded in Table IV.,tube B. Other experiments 
similar to those described above were made at the same 
temperature and with the same quantity of salt, but at a 
pressure of 5-8 mm. The negative current fell initially 
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from a maximum value of 800x107" ampere to 8x 107” 
ampere in seven minutes; the positive current increased 
with time from a value of 1°7 x 1071 ampere to 12°2x 10°” 
ampere after 45-60 minutes’ heating. These experiments, in 
toto, show conclusively that there i is an emission of tons from 
the salt, and that there are negative as well as positive ions. 


The Lonization Lfects from the Distillates. 


Various distillates collected on the cool inner electrode 
were re-run at the same temperature and pressure as the 
original sample of salt. The first distillate from the original 
salt at a pressure of 2 cm. and a temperature of 465°C., 
showed a negative ionization falling off with time from a 
maximum value of 260 x 1071? ampere in a manner analogous 
to curve 2, fig. 6. The positive current-time relations, 
however, differed considerably from those shown in curve 1, 
fio. 6. Three distinct current maxima were exhibited after 
20, 40-45, and 80-90 minutes’ heating; this third maximum, 
the gre eatest of the three, had a value of 22x 10-1 ampere 
in comparison with 5:8 x 10-» ampere shown by the original 
salt. The positive ionization curve for the second distillate 
is given in curve 1, fig. 7, and is practically the duplicate of 


Give nt-—didivie 107m 1 
h 


that given by the first distillate. The negative current 
(curve 2, fig. 7) had an initial maximum value of 3:2 x 10-” 
ampere. ‘These curves show that the ratio 


Maximum Negative Emission, Original Salt 
Maximum Negative Emission, Second Distillate 


and that 3 : 


Maximum Positive Emission, Original Salt — 0:33 
Maximum Positive Emission, Second Distillate ; 


= 500 (roughly), | 
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Two grams of cadmium iodide were originally used, and 
750 mgms. of the second distillate were recovered and used 
as described above. ‘Ten distillates from this original sample 
of salt were re-tested ; alternations of greater negative or 
positive emission occurred. The power which the distillates 
had of producing negative ionization was in no wise com- 
parable to that of the original salt; on the other hand, the 
positive ionization was considerably greater in certain of 
the distillates. 

The results showing the maximum values of the positive 
and negative currents at a temperature of 465°C. and a 
pressure of 0°8 cm. are given in Table VI. 


PAB iE Ve 
E06 cm. Ho.) T=465°C. 1 div.=1 x 10-1 ampere. 
Maximum Maximum 
Substance. Negative. Positive. 

ee foes a es —_————} 
Ormemal Cad i....c.0ccesene 800-0 105 
PGMS EWES ¢ bacans oelsedsheects 0-9 30°0 
PRMOVGIBRINALCS «vs f.u06sceeeces 92-0 32 : 
SEO CHISEMIALE J .0sogcccccseaces: 1:2 16°6 
RW distillate <2...00sc+0n0-s- 54-2 51 | 


These figures show that the ratio of 


Maximum Negative Emission, Original Salt 


Maximum Negative Emission, First Distillate” TUS)» 
and that the 
Maximum Positive Emission, Original Salt _ 24 


Maximum Positive Emission, First Distillate 


No explanation can, as yet, be offered why these distillates 
exhibit such alternations in their powers of negative and 
positive emission. No visible differences existed in the 
colour or general appearance of the distillates and the original 
salt. It seemed possible that the presence or absence ot 
moisture might account in part for the marked dissimilarities 
in the ionization from the distillates. To this end the sixth 
and seventh distillates in the experiments at 2 cm. pressure. 
were, in turn, treated with about a gram of water, and the 
negative and positive current-time relations determined. 
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No effects were observed in contradiction to the facts already 
set forth. Nor can the large negative emission from the 
original salt be attributed to moisture. A thick paste of fresh 
salt of about 3 grams weight was made and the ionization 
effects determined at a pressure of 1°8 cm. and a temperature 
of 480-90°C. The negative current fell off asymptotically 
with the time from a maximum of 200 x 107!’ ampere, a value 
about one-eighth of that shown in curve 2, fig. 6. The 
positive ionization, however, from the moistened salt was 
increased tenfold. When the distillate was removed from the 
inner electrode it was found coated on the inside with a thin 
blackish coloured film, a phenomenon which was not observed 
in other experiments. 


Chemical Analyses of the Distillates. 


Chemical analyses were made as to the percentage of iodine 
in (1) a sample of the cadmium iodide (Hiner and Amend) 
used, (2) of the fifth distillate obtained at 1 cm., and (3) of 
the tenth distillate at 2 cm. pressure. The following 
percentages of iodine were found: (1) 72°14, (2) 70°27, and 
(3) 65°85. Hence continued distillation diminishes the per- 
centage of iodine. This fact lends further support to the 
view that the negative ionization consists in large part of 
the rodine constituent. 


Conclusions. 


The following points have been fairly definitely estab- 
lished :— 

(1) There can be an ionization in the secondary chamber 
B when only uncharged matter enters B, since there is a 
saturating potentialin A. Thus the ionization is partially an 
ionization of the vapour. This may arise from the action of 
the vapour on the electrodes or it may be a volume ionization, 
or both. 

(2) In addition there is an emission of ions from the salt, 
as shown by the experiments with the air-cooled electrode 
apparatus. I urthermore, the presence of negative ions is 
definitely proven. There is a large initial negative emission 
and practically no positive on heating a sample of the original 
salt. As the heating continues the positive ionization in- 
creases to a maximum and then falls away; the negative 
continually diminishes. 

(3) The ionization in the unsalted tube B may equal or 
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exceed that in A, and the currents change in a different way 
when the direction of the applied field is reversed. The fact 
that the ionization in the tube B can be greater than that in 
the salted tube A seems to indicate that a great deal of the 
ionization arises from a substance which takes some time to 
form. Thus there may be more of this substance in the 
vapour by the time it has diffused into the tube B than there 
was when it was first given off by the salt. 

(4) At temperatures below 402°C., the melting-point of 
CdI,, the positive ionization effects in both tubes decay 
asymptotically with the time from an initial maximum 
value ; when the temperature is above this point the positive 
ionization increases with time to a maximum followed by 
decay with time. 

(5) Iodine alone gives quite large currents. A com- 
parative study of cadmium iodide and iodine shows that 
some, at least, of the negative ionization effects are pro- 
bably due to the subsequent ionization of the iodine 
vapour which is liberated by chemical dissociation in visible 
quantities. 

(6) The distilled salt is less active than the undistilled. 
The successive distillates exhibit alternations in their power 
of negative and positive emission. Those distillates which 
show a comparatively large negative emission exhibit a small 
positive lonization and vice versa. In the case of the dis- 
tillates in which the negative emission is small the positive 
emission exceeds that of the original salt. 

(7) Continued distillation diminishes the percentage of 
iodine in the salt, but does not produce much, if any, change 
in its appearance. 


Several points suggested by these results are being tested 
by further experiments. 


In closing this paper the writer expresses his thanks to 
Professor O. W. Richardson, who suggested this line of 
research, and to whom he is indebted for many suggestions 
during its progress. He also wishes to thank Mr. C. Bol 
for the construction of the various pieces of glass apparatus 
used. 
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XL. The Valency of the Radioelements.. By G. vox 
Hevesy, Ph.L)., Hon. Research Fellow in Physics, Man- 


chester University *. 


S 1. Introduction. 
rP\HERE is at present no recognized intimate relation 
between the processes that occur inside an atom and the 
processes that take place outside it, that is to say, between 
the radioactive and the chemical properties of an atom. It 
may be said, however, that there is some connexion between 
atomic weight and radioactive phenomena, for only elements 
of atomic weight greater than 200 disintegrate with evolution 
of helium. Rubidiumand potassium, elements of low atomic 
weight, however, appear to be radioactive, emitting @-rays. 

In the search for a relation between radioactive and 
chemical properties, the most likely line of attack seemed to 
be to investigate the connexion between the nature of the 
radiation accompanying the disintegration of an element, 
and the difference in valency between the resultant and the 
parent product. Since the discovery of Faraday’s law of 
electrolysis, valency has become more and more to be con- 
sidered from an electrochemical point of view. When an 
a-particle is expelled from an atom, the atom loses positive 
electricity, and when a £-particle is expelled, it loses negative 
electricity. It is therefore to be expected that this loss of 
positive and negative electricity, as the case may be, would 
have a definite influence on the valency of the resultant 
atom. ‘To investigate this point, the valency of a great many 
radioelements has been determined. Apart altogether from 
the interest of this problem, it is important to know what 
are the valencies of the various radioelements, as very little 
is known of the chemical properties of many of these bodies, 
especially of those which follow the emanations in the 
disintegration series. 

The two chief methods of determining the valency of an 
element are the stoichiometrical and the electrochemical. 
In the former method, the valency is obtained from an 
analysis of various compounds of the element under con- 
sideration; in the latter method, it is obtained from the ratio 
of the number of coulombs passing during electrolysis and 
the quantity of metal deposited from, or passing into solution. 
The amount of radioactive bodies at one’s disposal, however, 
is so small that neither of these methods can be applied to 


* Communicated by Prof. E. Rutherford, F.R.S. 
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them. It will be shown in the present paper that it is pos- 
sible to deduce the number of charges borne by the cation, 
2. e. its valency, from the velocity with which it diffuses in 
presence of a large excess of the anion. The diffusion con- 
stant of a cation has also been determined by measuring its 
mobility in an electric field. This second method acts as a 
check on the first one. Before proceeding to describe the 
methods employed in this research, the subject of diffusion 
of electrolytes will be discussed from a general point of 
view. 


§ 2. Diffusion of Hlectrolytes. 


When dilute hydrochloric acid diffuses in pure water, the 
Hand Cl ions are borne from points of . higher to points of 
lower osmotic pressure by the osmotic forces. The smaller 
the frictional resistance offered to the migrating ion, the 
more rapidly, does it move. Now a hydrogen ion has to 
overcome a frictional resistance which is only about 1/5 of 
that to be overcome by the chlorine atom. It is therefore. 
to be expected that the rapidly moving H ion, when allowed 
to diffuse, would soon leave the slowly moving Cl ion, and 
be ee separated from it. This, however, does not 
take place. The polar ions are not capable of being separated 
by diffusion, for as Nernst showed in his fundamental theor y 
yor diffasion of electrolytes, the foremost hydrogen ion gives 
a positive charge to the water layer, and a negative charge 
to the residual ion. A compensating potential difterence is 
thus produced, which accelerates the motion of the Cl ions, 
so that the resultant velocity of diffusion of the Cl ions is the 
same as that of the H ions. For this reason the diffusion of 
an electrolyte depends both on the mobility of the cation 
and of the anion. 

The numerical relation between the diffusion constant and 
the mobility of an n-valent electrolyte may be derived as 
follows. . 

The effect of the osmotic ferces is that in unit time 


N= ries cations 
du 


and : 
anions 


Qa / 
N A= 


av 


pass unit cross-section *. U and V are proportional to the 
mobilities of the cation and the anion respectively, cis the 
concentration, and n the valency. 


* Nernst, Zeit. phys. Chem. vol. ii. p. 614 (1888). 
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The effect of the compensating electric forces is that 
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accelerating the slow ions, and retarding the fast ones, and 
€ is the charge borne by the gram-ion. 

The total ee of caghoe and anions passing unit cross- 
section in unit time are Nx and Na respectively, where 
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Since the same number of anions and cations traverse the 
cross-section, we get 


Nr=Na, 
and therefore dy U-VRT de 
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where wand v are the absolute velocities of the ions in cm. 
per sec., and D the diffusion coefficient. If this last constant 


and p= Nr 
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be expressed in days, the right-hand side of the equation 
must be multiplied by 8°64 .10*. 
We therefore obtain the expression 


0°04485 uv 
(ute) « ° e ° ° e (1) 


Equation (1) was tested by Nernst* for the special case 
of monovalent electrolytes (x=1), and found to be in good 
agreement with experimental results. The general equation 
was not tested, however, owing probably to the absence of 
experimental data, and to lack of knowlege of the conditions 
under which multivalent electrolytes dissociate. Nernst’s 
view is based on the assumption that dissociation is complete, 
that is for instance, that NaCl dissociates into Na’ and Cl’ 
ions only. In a solution of the bivalent BaCl,, however, not 
only are Ba” and Cl’ ions present, but also BaCl’ ions, the 
Jast named being monovalent and of unknown mobility. 
Although the validity of the general equation cannot be 
tested strictly on account of this difficulty, its truth is 
rendered very probable by the results tabulated in Table I. 
In this table are given the relative number of molecules of 
various substances diffusing in equal times f. 


Dio= 
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The mobilities of Ba, Ca, Sr, and Mg are approximately 
the same as those of K and Na. The esentially slower dit- 
fusion of these bivalent halogen compounds must therefore 
be ascribed to their greater valency. 


§ 3. Connexion between the Diffusion Constant of a Salt and 
the Mobility of the Cation. Diffusion in excess of the Anion. 


In equation (1) a relation between the valency and the 
mobility either of the cation or of the anion of the salt is 
given. <A direct relation between the diffusion velocity of a 
salt, such as for instance RaCl,, and the mobility and valency 
of the radium cation, may be obtained by allowing the 


* Nernst, Zeit. phys. Chem. vol. i. p. 616 (1888), 
+ Long, Wied. Amn. vol. ix. p. 613 (1880), 
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radium chloride to diffuse in excess of some chloride, e. g. 
in hydrochloric acid. The electrical forces act on the ions 
so that their velocity is proportional to their concentration. 
Since, however, the concentration of the chlorine ions is 
much greater.than that of the radium ions, the rate of dif- 
fusion of the RaCl, will depend only on the mobility of the 
radium ion. It follows from this that dilute hydrochloric 
acid in a concentrated solution of potassium chloride diffuses 
much more rapidly than it does in pure water, because in 
the second case the slow motion of the Cl ions hinders that 
of the H ions. Experiments on this particular point have 
been made by Abegg and Bose®. 

The relation between the diffusion velocity of RaCl, in an 
excess of hydrochloric acid, the velocity of the ions, and the 
valency of the radium ion will be next derived. 

If ¢ be the concentration of the RaCl, diffusing, y that of 
the hydrochloric acid, and U and V be constants proportional 
to the mobilities of the radium ion and the chlorine ion 
respectively, then under the action of the osmotic forces 


N’_=— . URT a cations 
K n Ax 
ae N'x=- i WRT — anions 
n Ax 


‘pass unit cross-section in unit time. 
Under the action of the compensating electric forces also, 


N”’-=—Uce yy cations 


K! dx 
and Nae Ped anions 
A! dx 


pass unit cross-section in unit time. 
The total number of cations migrating 1s 


Nx=N’ K' +N"< 4+ Nx’ 
| d 
where Nx =0—Uley 
is the number of H cations diffusing. 


* Zeit. phys. Chem. vol. xxx. p. 545 (1895). 


eres 
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The total number N, of anions migrating is 
ants TRS 
Nt ND 
and since Na=Nx we get 


dy RT(U—V) de 
dx ~ nelc(U+V)+y(U'+V)] da’ 


Hence the total number of cations migrating is 
URT de ( 2V + (U! ate V)y/e 

n de\U+V+(U'+ Voyle) 
and the total number of anions migrating 1s 


VRE de ¢ 2U+(U'+U)y/e 
n ax GeVe(u se Viye) 


Lie hart 


N,=-— 


The ie ita constant of the cation D’ in excess of the 


anion 1s 
Ne de 
dia” 


From equation (1) the usual diffusion coefficient D is 
2U Vis Sde 
ee arr 
and therefore we get 
U+V 
Bek ey aV 
U+V" 
fT aes 
and for the case y=~, Ds. eye i 
Wi = “OW i. Spruete sehen a) tal fee (2) 


For the particular case of RaCl, diffusing in an excess of 
hydrochloric acid, we have 


i =1°036, w.107°==0-00059, 
Vo= 4-056" 01,10? = 000068; 
= 1036 4’. 10-°=0-00529, 


where uw, v, and w’ are the absolute mobilities of the ions of 
radium, chlorine, and hydrogen, respectively. 
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Now Ltt = 2-92 
and UN re. 
Ed anh tie 


and when y/e=100 D'=D/‘ (1+0-002). 


When hydrochloric acid is present with the body diffusing, 
100 times in excess, the value of the diffusion coefficient found 
differs from the theoretical value by less than 0°2 per cent. 
In our experiment with RaCl, y/¢ was greaier than 10°, and 
in the experiments carried out with the short-lived radon 
elements it was even greater than 10”, 

From equation (2) we deduce that, in the case of diffusion 
of the cation in excess of the anion, e. g. the diffusion of 
radium chloride in hydrochloric acid, the diffusion constant 
is given by the expression 

D=0-02249 -. = 

Equation (3) is a linear relation connecting the diffusion 
coefficient of radium chloride, the velocity of the radium 
ion, and the valency of radium. This equation is a general 
one, and is free from any hypothetical assumptions. 


§ 4. Relation between the Magnitude of the Diffusion 
Constant, and the Valency of the Cation. 


Since, when diffusion takes place in excess of the anion, 
the diffusion constant depends only on the mobility and the 
valency of the cation, and since, also, the mobility of the 
cation varies only within somewhat narrow limits, the mag- 
nitude of the diffusion constant can be obtained immediately 
from the valency of the diffusing ion. The limits referred 
to extend from the value of the mobility of sodium 44 to 
that of cesium 68. The mobility of lithium, however, is 
exceptionally low, and this is due to the fact that the ion 
is strongly hydrated. 

In Table II. are given the mobilities of cations so far as 
they are known. 


TAs: 

| Metal. | Mobility. | Metal. Mobility. 
Nay asteeeee 43:6 Baigenmeae: 55'1 | 
Migi eaemanne ce 45'9 Ria Soa Bees dce 57-4 | 
WGA atoh, ebro ere 466 Wot eeticesene Ne 611 
OREM Aes eae eae 47-2 NGL Be neers Gea 64°4 
(OLS Apres: 47°4 KGB neta ks - 64:7 | 
Oat rae ner 51-4 Tie ee eee 66°6 | 
SS le Mer ee aac 51°5 END sata oes cone 67°6 
eS oe cieup 54:0 | COS tet eect 68°2 

[Re sek Ct erg EE SNE Sh eh lls Swe A J | Nr 
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The mean value of the mobility of a cation is 55:7. The 
mean value of the diffusion constant calculated from this 


~ 
° t 


A) 
value is em.” per day. for monovalent ions, therefore, 


the most probable diffusion coefficient is 1:25, for divalent 
ions it is 0°63 and so on. The mobility of sodium, and 
especially that of lithium, is exceptionally low. The dif- 
fusion coefficient of sodium is 0:98 when the NaCl diffuses 
in excess of chlorine ions. Sodium is therefore monovalent. 
The diffusion constant of lithium, however, is 0°75. Lithium 
may therefore be either mono- or divalent. This element 
_ has a very low atomic weight, and it is not to be expected 
that this uncertainty regarding its valency will apply to 
elements of high atomic weight like the radioelements. It 
is therefore legitimate to calculate the number of charges 
borne by the cation from the velocity with which a salt 
diffuses in excess of its anion. 

There is another method of determining the valency, and 
that consists in determining the mobility of the ion, and 
calculating n from the equation 


n= 0022427. 


Both these methods have been used in this research and 
both have yielded similar results. The validity of the method 
of obtaining the valency of the diffusing cation from its 
diffusion constant in excess of the anion has therefore been 
confirmed. 


§ 5. Analogy between Diffusion of Ions in Gases and 
an Liquids. 
Equation (1) holds also for diffusion of gaseous ions. If 
k be the mobility of the gaseous cation and &! that of the 
anion, then 
 0-04483 k ki, 
n(k +k’) 
The experiments of Townsend * and others have shown that 
this equation holds as accurately for gas ions as it does for 
liquid ions. The well-known equation of Townsend con- 
necting the diffusion coefficient of a gas ion with its mobility 
ull u 
Poatle fiat a 
(II being the pressure of the gas, N the number of molecules 


Bee Zeits. yol. i. p. 813 (1900). Nernst, Theoret. Chem. 6 edit, 
p- - 
Phil. Mag. 8S. 6. Vol. 25. No. 147. March 1913. 2 H 


398 Dr. G. von Hevesy on the 


per cm., and K a constant) is analogous to equation (3) given 
above, namely, 
D=0:02232 
n 
The older measurements of the valency of gas ions invariably 
gave a value of 1. According to more recent experiments 
by Townsend* and by Frank and Westphal}, however, some 
bivalent ions are produced when air is ionized by X-rays. 
By allowing the ions to diffuse partially, the last named 
authors were able to separate the bivalent ions partially from 
the monovalent. This affords a proof, of great importance 
to the theory given here, that the mobility of the ions is 
independent of the charge of the ion. Since, however, the 
velocity of diffusion is inversely proportional to the charge, 
it is at once apparent that by comparing the two quantities, 
the charge, and therefore the valency, can be obtained. 
Gaseous ions of higher valency than two have not been 


isolated. Consequently it is not possible to test the equation 
for higher values of n. 


§ 6. Determination of the Diffusion Constants of 
the Radioelements. 


The method employed in these experiments was that of 
Graham and Stephan. This method consists in placing the 
solution, the diffusion of which is under investigation, under 
a vertical column of water, and after a certain time has 
elapsed and diffusion has taken place, removing different 
layers and analysing them. From the ratio of the concen- 
tration of the layer which initially contained all the substance 
to that of another layer, and from the height of this layer, 
the diffusion constant in sq. cm. per day is calculated from 


the equation 
Oe 


where hf is the height of the layer in cm., T the time in days, 
and K a function of the ratio of the concentrations, obtained 
from Stephan’s table. 

As is well known, this method assumes only the validity 
of Fick’s differential equation of diffusion, that is to say, it 
assumes that the velocity of diffusion is independent of the 
absolute concentration, and depends only on the fall of con- 
centration. This condition has always been fulfilled strictly 


* Proc. Roy. Soc. vol. Ixxx. p. 207 (1908). 
+ Ber. deut. phys. Ges. vol. xi. p. 152 (1909). 
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in the experiments with the extremely dilute solutions dealt 
with in the work to be described, since no difficuity on 
account of incomplete dissociation could arise. 

The apparatus shown in fig. 1 is essentially a copy of 
Scheffer’s. The lower part is filled with 3x 16-05 ¢.c. of 

water, and the liquid under examination 
is allowed to flow into it from a pipette 
16°05 ¢.c.in volume. Experiments with 
KMn0O, solution showed that a sharply 
defined surface formed between the 
heavy liquid which had flowed in from 
the pipette, and the light liquid already 
contained in the vessel. 
When diffusion has taken place and 
the experiment is finished, the pipette is 
_ filled with some heavy liquid such as 
© chloroform, or a saturated solution of 
calcium chloride, and the liquid allowed 
to flow in very slowly while an equal 
volume of the diffused liquid is forced 
out of the apparatus at A. This gives 
layer I. By repeating this operation, 
layers II., I1I., and LV. are obtained, 
and then analysed. As a rule only 
layers I. and II. were investigated. 
The height of the layers was measured 
with a cathetometer, and found to be 
1°510 cm. 

A heavy block of lead was attached to the glass apparatus 
and the whole immersed in a large water-bath in an under- 
ground room, the temperature of which did not vary more 
than about 0°:1 C. during an experiment. The diffusion 
coefficient of noi1mal hydrochloric acid solution determined 
with the apparatus described above was at 15°2, 2°29 sq. cm. 
per day, which by calculation gives at 18°, 2°48. The 
values obtained by Arrhenius and Scheffer are 2:40 and 
2°48 at 18° respectively. All values determined in these 
experiments were reduced to 18°, a temperature coefficient 
of 2°6 per cent. per degree being assumed. This is the value 
obtained theoretically by Nernst *, and experimentally by 
Schuhmeister ¢, Long t, Weber §, and others. 


* Zeit. phys. Chem. vol. ii. p. 624 (1888). 
t Wren. Ber. vol. 1xxix. p. 603 (1879). 

t Wied. Ann. vol. ix. p. 615 (1880). 

§ Wied. Ann. vol. vii. p. 469 (1879) 
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(a) The diffusion constant of Radium. 


Radium chloride dissolved in 1/100 normal HCl solution 
diffused in a solution of 1/100 normal HCl. The concen- 
tration of radium in the solution was in one experiment 
4°51.1077, and in another 4°72.107-° gram per c.c., so 
that practically an infinite excess of chlorine ions was present 
with the radium ions. The radium content of the different 
layers was determined by the emanation method. The 
emanation was completely removed from the solution by 
boiling. It was allowed to accumulate for a definite time, 
then completely removed by boiling, collected over a satu- 
rated solution of calcium chloride, and transferred to the 
ionization-chamber of the electroscope. The reason for using 
a saturated solution of calcium chloride is that in this liquid 
the emanation is very insoluble. In this respect it is nearly 
as good as mercury, and is besides much more easy to work 
with. 

The following values of the diffusion constant were ob- 


tained, The signs I. and IT. indicate the layers which were 
examined. 


(1) eae ee leah .  Dago=0°669 
Diee= gaa azg 0689. Die= 0675 
(Dy nee eee .  Dygo=0°669 
ee » Desowee 
(8) Dieu= pape eam = 0037 - Din 0672 
pi O57 Leese © (DR eee 


ere 1°82 «0-492 
Mean value Dis0>=0°667 sq. cm. per day. 


Since the mean value of the diffusion coefficient is 
it follows that the valency of radium 1s ae 


(b) Diffusion constants of ThX and ActX. 


In these experiments also the radioactive substances were 
dissolved in 1/100 normal HC] and diffused in 1/100 normal 


HCl. At this dilution the cation (7. e. the ThX or the 
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ActX ) diffuses in practically infinite excess of the anion 
Cl’. The acidity of the solution prevents also any possible 
precipitation of these substances which might easily take 
place if the solutions were neutral. The ThX was prepared 
by the usual method. Some thorium nitrate was dissolved 
in water, from this solution the thorium was precipitated as 
hydroxide by ammonia, and the filtrate which contained the 
ThX evaporated to dryness. The solution used contained 
initially LO-!? om. ThX pere.c. l1e.c. of this solution was 
diluted to 10 ¢.c. and evaporated to dryness on a watch-glass. 
This was done with 10 ¢.c. of each of the layers on com- 
pletion of diffusion. About six days later when ThX, ThB, 
and ThC were formed in equilibrium amounts, the activities 
of the watch-glasses were determined, and from these 
measurements the quantities of ThX present were obtained. 
The following are the values of the diffusion constant 


obtained for ThX :— 


I O57 
oo) == SS SSS = Py ( 
Sine Sai 19000500 G00. 
II 0°57 pe 
Pucs 99 3 o4as oO 
/ 0-57 cS 
pu Ow" — 0-602. 


MeN Oeae 0409 
Mean value of D,5>-=0°659 sq. em. per day. 
The valency of ThX is therefore 2. 


G. Hoffman* investigated the diffusion velocity of 
ThX(NOs). in water by Weber’s method, which consists im 
determining the change in concentration with time at the 
tree surface of a system consisting of two layers of liquids 
of different concentration. In his experiment Hoffman 
determined the ThX by means of the emanation it produced, 
by passing a current of air over the free surface. He found 
~— Dyoo =0°504, from which by calculation we get D3: =0°608 
sq. em. per day. 

_ The diffusion velocity of ActX was determined by the 

same methods as used for ThX, and the following results 
obtained. Each c.c. of the solution used contained 1°5 x 107” 
pm, Act xX, | 


* Ann. der Phys. vol. xxi. p. 2389 (1906). 
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I 0-54 
(1) Deco 20 5 0-455 —0'626 
0-57 
LOY gees SR ers Ro ELE) \4 DC 
Pise9= 70 x O-asg = 0629 
0-57 3 
9 Uy Wee a a 
(2) Vicor 3°21 x 0-282 =0°631 
Dig DES A Ro 


20 9.99 7 1) 920 
Lim OF O80 


The mean value of Dj g=0°664 sq. cm. per day, and 
therefore the valency of ActX is 2. 


(c) Diffusion velocity of ThB and THC. 


In these experiments the active deposit of thorium was 
dissolved in 1/100 normal HCl, the solution was allowed to 
stand 10 hours in order to allow ThC to be formed in equi- 
librium amount, and then placed in the diffusion apparatus 
surmounted by a 1/100 normal HCl solution. One c.c. of 
the active solution contained 10-8 gm. ThB. Hach layer 
of active material after removal from the apparatus was 
evaporated to dryness, and 10 hours later its activity was 
measured. rom the activities of the different layers, the 
diffusion constant of ThB was calculated. The following 
results were obtained :— 


OO7 


EA Ags oh 
Cle ye = FOX 0521 mo 
LS et tee O:a7 ty ene 

De 10-0 

a if $c) 0°57 A sae 
G fuie ameE ein 
ie ge. 1:07. 


12 ISSO | 
Mean value D,s.-= 1°21 sq. cm. per day. 
The valency of ThB is therefore 1. 


A shorter diffusion apparatus was used in determining the 
diffusion constant of ThC owing to the rapidity with which 
this body decays. We had at our disposal the active deposit 
from a preparation of mesothorium 1 which equalled in 
activity 2 milligrams of radium, and also that from a pre- 
paration of radiothorium equal to 4 milligrams of radium. 
The duration of an experiment must not of course exceed 8 
to 10 hours, for at the end of this time the ThC originally 
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present has decayed to 1/1000 of its original amount. It is 
much more difficult to prepare pure ThC than it is the cor- 
responding products of the other two series. Perfectly pure 
ThC cannot be obtained by von Lerch’s method of depositing 
it on nickel, nor by the author’s method*, which consists in 
depositing it on silver from a neutral solution of a silver 
salt. Prepared by these methods the ThC was found to 
contain 1 to 5 per cent. of the equilibrium amount of ThB. 
Since ThB decays to half value in 10-6 hours, and ThC in. 
1 hour, at the end of 10°6 hours one half of the disturbing 
ThB is present with only 1/1000 of the ThC. It is thus 
impossible to determine the diffusion constant of the ThC 
prepared in this way. The author has shown in a previous 
paper * that the ratio of the amounts of ThB and ThC 
deposited on a metal plate from a solution is a function of 
the potential difference metal/solution, and that the more 
electronegative the latter is, the purer is the ThC deposited. 
We succeeded in depositing very pure ThC by the following 
method. A solution of NiCl, was added to the active HCl 
solution, and in it was immersed a plate of nickel which had 
been previously rendered passive by polarizing it in a solution 
of caustic soda. After the plate was removed from the solution, 
the ThC deposited on it was found to be very pure, the anount 
of ThB present with it being only from ‘006 to ‘02 per cent. 
The diffusion experiment occupied 0°313 days. The con- 
centration of ThC in layer I was *00418 of that of the 
original solution, and in layer II -056. Since, however, a 
portion of the ThC did not diffuse as ThC but resulted from 
the ThB diffusing wth it, it was found, that in spite of the 
very great purity of the ThC used, a not inconsiderable 
correction had to be applied. When this was done the values 
of the concentrations given above become *0035 and °048 
respectively. ‘The following are the results obtained:— 


0-119 
Dies = 9373x0662 = 08 
0-119 E 
Dite2= 6.314 x 0-680 708 
0-119 dy 
Dieo= 9-989 x 0-794 OO! 
ee I 


0:283 x 0-710 
The mean value Djs0-=0°625 sq. em. per day. 


The valency of ThC is therefore 2 
* Phil. Mag. vol. xxiii. p. 622 (1912). 
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(d) The diffusion constants of RaD, Rak, and Raf. 


A solution of these substances was obtained by dissolving 
in acid the active deposit formed in a glass tube in which a 
large quantity of radium emanation had disintegrated. 
One c.c. of the solution used contained 2x 1077 om. RaD 
and 2x10-!° om. Rak’. The same experiment serves to 
determine the diffusion constants of both RaD and Rak. 
The @-ray activities of the layers were compared immediately 
after the experiment had been stopped, and from these results, 
the diffusion constant of RaK was obtained. After an interval 
of forty days the @-ray activities of the same layers were 
compared, and from these results the diffusion constant of 
RaD was obtained. It was found that the constants of both 
bodies were very similar. 

The following results were obtained :— 


RaD. 
(1) Dise6=0°654 
Di5o.g= 0°648 
(2) Diseg=0°651 
Dt5o.g=0°646. 
Mean value Dge=0°651 sq. cm. per day. 
The valency of RaD is therefore 2. 
Rak. 
The value of Dige=0°646 sq. cm. per day. 
The valency of Rall is therefore 2. 


Rak. 
(1)  Digos=0-700 
Di5og=0°712 
(2) Dise-g = 0°702 
Deer a ils 

Mean value D,s.=0°760 sq. cm. per day. 

The valency of radium F is therefore 2. 

(e) Lhe diffusion velocity of Radiothorium. 

From comparison of the activities of the different layers 
immediately after the experiment had been stopped, a dif- 
fusion constant of about 0:7 was deduced. In the course of 
a month the ratio of the activities fell to a value correspond- 


ing to the diffusion constant given below. One gram of the 
solution used contained 4 x 10-!° om. radiothorium. 
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The following results were obtained :— 


O) Dhos= gage gy = 0329. Die =0-332 
Dire= grep gp =0 382 - Die=0-335 
ARS aaa er .  Dage=0°330 
Dir gap eg 0382 - Die 0-385. 


Mean value Djs. =0°333 sq. cm. per day. 
The valency of radiothorium is therefore 4. 


It is apparent from this result, and the results given above, 
that ThX diffuses twice as quickly as radiothorium, and 
ThB four times as quickly. The upper layers after diffusion 
have therefore proportionately more ThB than ThX, and 
more ThX than radiothorium. In one experiment, for 
example, after diffusion had taken place for two days the 
ratios of the equilibrium amounts of radiothorium, ThX, and 
ThB in the topmost layer were 1: 18: 81. 


(£) Lhe digiusion constant of Tonium. 

A preparation of ionium containing thorium dissolved in 
normal HCl was allowed to diffuse in the usual manner. 
‘The activities of the different layers were measured in an 

a-ray electroscope. The following resuits were obtained:— 


O57 e nes 
Diigo = 0-475 x 364 = 308 . Dj go=0 d3d1 
Dig = == ved —=O315 e Dygo=0°327. 


0°462 x 3°66 
Mean value Djs>-=0°327 sq. cm. per day. 
The valency of ionium is therefore 4. 


(g) Lhe digiusion constant of Thorium. 

The solution used contained 24 mg. per c.c. ThC], in normal 
HCl. The amounts of thorium in the different lay ers were 
obtained by igniting the thorium, and weighing it as oxide. 
The following results were obtained :— 


if ae 0°57 cater i Q SS e* 6 ) 
VSG Beto KATH aie 


Mean value D,3.=0°329 sq. em. per day. 
The valency of thorium is therefore 4. 
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(h) The diffusion velocity of Uranium X. 

The uranium X used was separated from uranyl! nitrate 
by precipitating it with iron as hydroxide in presence of 
excess of ammonium carbonate. ‘The iron itself was not 
separated from the uranium X, and therefore constituted an 
impurity. The amount of the uranium X in the layers was 
obtained by comparing their @-ray activities. Owing to the 
presence of the impurity, the accuracy with which the 
measurements were carried out was not so great as in most 
of the other experiments. Onec.c. of the solution used 
contained 2 x 10—!° gm. uranium X. The following were the 
results obtained :— 

0:57 
Digo-9 = ae SP 
i enone UD 25 
POOP OT KO 530 
Therefore D,g-=0°400 sq. cm. per day. 


The valency of uranium X is 4. 


The value of » is either 3 or 4. The latter value is pre- 
ferred for reasons to be given later, and also because, in 
accordance with the law of mass action, the Ol ions due to 
the ferric chloride tend to prevent the dissociation of the 
UrX Cl, This, possibly gives rise to too low a value of the 
charge carried. 


TasieE III. 


Diffusion constants of the radioelements at 18°, 
diffusion taking place in an excess of the anion. 


{ 


iaeetenens Diffusion Constant 
(sq. em. per day) 

LOND. laces Phe x Sts eS RC Faas 0°400 
Os oy econ eee ee eee. Loe 0°327 
MAGE Asc Renee Oe Ra 0°667 
1] Roe) Stee tare 0S Rat | 0°651 
TEA DOSS Aaa ah MY Rac ER dad) 0°646 
1 Atl OMAR ERA ERNE CAS, 5 okie © sad 0:'760 
Breve eae ee ey Or Sk ae 0:329 
Radothorwui ee oe. 0°333 
CTSET ORS? Coie, Se Mine sere 0:659 
ThB*(RaB*, ActB*) ... 1°21 

ThC**(RaC**, ActC °°) .| 0625 
ACE Ka? CiRCA rR ee ase 0664 
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§ 7. Lon mobility of the Radio-ions. 


The mobility of ions may be calculated, either from the 
coefficient of migration or the conductivity as the case may 
be, or may be directly determined. The first method, which 
is that most generally used, is not applicable to the case of 
most radio-ions, owing to their small concentration. The 
conductivity of a solution of radium bromide has been deter- 
mined, however, by Kohlrausch and Henning*, and from 
their result the mobility of the radium ion was found to be 
o7°4, 

The mobilities of the radio-ions must therefore be deter- 
mined directly. The methods in common use for determining 
the mobility of an ion directly may be divided into two 
classes. The first of these may be called the volume method, 
and the second the surface method. In the volume method 
the apparatus (see fig. 2) is filled with an indifferent electro- 
lyte as far as the tube 4. This tube itself is filled with a 


Fig. 2. 


—- 
ZINN 
N 


LOLITILILL, 


solution say of RaBr, of the same conductivity as the 
indifferent electrolyte. After electrolysis has taken place 
for a given time ¢ seconds, the concentration ¢ of the radium 


* Verh. d. Phys. Ges. vol. vi. p. 144 (1904). 
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: c ; : 
bromide has fallen to —. The radium bromide of concen- 


5 
tration 5 not present in /, must be in the cathodic branch é,. 
If we assume, as Kohlrausch has done, that as soon as the 
field is applied the ions move all together as a column, the 

Ua die : 120 aa ; 
path traversed by the ions in the time ¢ will be 5 nee aya 


after time ¢ there is still radium bromide of concentration 
c A : 
~ present in 4, the displacement of the ion column is 
7 


—l au . n—l il 
=] and the mobility of the cation U is a Nees where 


V is the potential gradient. It was by this method that 
G. Hoffman * determined the mobility of the ThX ion. The 
disadvantage of it is that the precipitation of a portion of 
the dissolved active substance may easily take place, and 
this makes results uncertain. We tried this method but 
were unable to obtain consistent results with it. In the 
surface method, on the other hand, the displacement of the 
end of the ion column is measured. In this case also the ions 
move in a column, but the distance traversed by the whole 
column is much greater, and by this method there is no 
difficulty in obtaining consistent results. So far when this 
method has been used the displacement of the ions has been 
observed optically. The apparatus shown in fig. 2 enables 
the displacement of the ions to be measured without, if 
necessary, using optical means. The apparatus is filled, for 
example, with a solution of copper sulphate. Copper elec- 
trodes are inserted at A and at B. The tap C is closed, and 
then the taps land 2. This enables the copper sulphate in 
, to flow out through @ and 6 without disturbing the re- 
mainder of the system. Copper sulphate of the same strength 
as the last, but containing now some active body, say 
Ralk(SO,)., is drawn in through a, and the taps 1 and 2 
turned as they had been before. After the field has been 
applied for a definite time, the three-way tap 3 is turned 
so that the tubes to the right of the tap are shut off from 
the rest of the apparatus, and at the same time tube J; is 
open to the air. This enables the contents of /; to flow out 
through c. This amount of solution is tested for activity. 
The time ¢ is varied until it is just possible to trace the 
activity of the solution in J;. The mobility of the radio- 
cation is then calculated from the formula 
Ve | 
J= yy; 


* Phys. Zeit. vol. viii. p. 553 (1907) 
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The value of the mobility of the H ion of HCl, obtained by 


this method, phenolphthalein being used as an indicator, was 
0:0027 cm. per second. The value found by Lodge under 
the same conditions, but with a different arrangement, was 
0°0026; that caleulated from Kohlrausch’s formula is 0°0028 
em. per second. Whetham™* has shown that in the range of 
potential gradients employed in these experiments the velocity 
of the ions is strictly proportional to the potential gradient. 


(a) The velocity of the ions of Radium. 


In this experiment the indifferent electrolyte used was a 
1/50 normal HCI solution. Palladium electrodes were used 
in order to obviate disturbances due to the generation of gas. 
When / was 10°6 em. and V, 2:12 volts, the values of ¢ 
found in four different experiments were 9180, 9270, 9140, 
and 9220 seconds respectively at 16°2. From these results 
the mobility of the radium ion at 18° is calculated to be 
56°6 em. per sec. When V was 1°49 volts the value was 
53°9, and when V was 3°30 volts it was 56:2. The potential 
eradient was measured by a compensation method. 2°2 per 
cent. per degree was taken as the temperature coefficient of 
the mobility, a value which has been obtained in previous in- 
vestigations of ion mobility. As mentioned above, the value 
obtained by Kohlrausch and Henning from the conductivity 
of the radium bromide was 57°3, a value similar to that 
obtained by us directly. 

We prefer to accept Kohlrausch’s as the more correct 
value, and all our results are calculated on this value. Any 
alteration in the value obtained by Kohlrausch will therefore 
necessitate a corresponding change in the values given in 
this paper. 

By inserting the values D=0°667, and w=57°3 in the 
equation 


D=0-02232", 
nN 


we obtain n for radium 1°91. 


This value of the valency is in good agreement with the 
value calculated from the diffusion coefficient alone. It is 
of course also the value to be expected from the chemical 
behaviour of radium. 


(b) Lon mobilities of ThX, ActX, RaC, ThB, ThC, RaD, 
Rak, and Raf. 


The ion mobilities of these radio-ions were also determined 
by the method described above. The results are tabulated 


* Proc. Roy. Soc. vol. lii. p. 289 (1892). 
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in column 3 of Table IV. In column 2 are placed the 
values of the diffusion constants, and in column 4 the caleu- 
lated values of the valency. 


TABLE LV. 


D in sq. cm. per day.| win 10° cm. per sec. | 2. 

I aCe sseodes heat a | 0667 073 1-91 
ANS. Gare Maronite 0°659 58-0 1:96 
BACCO. Gr are re 0664 5671 1:88 
ONES has eee te 1:21 55-4 Pedal 
VEDIO Pee a Sie ee 0°625 54:0 1°93 
a sini, Bete 0625 54'5 1:95 
AEH DP me 8 ok or | 0651 61:9 2°11 
FRAG ake sce wt 0646 61:9 2°13 
BAIN AS cee eee 0760 68°8 2°02 


As is to be expected from the fact that they have similar 
electrochemical properties, ThC, RaC, and ActC have very 
similar ion mobilities. 

The ions of ThB, however, move more rapidly than those 
of ThC, and in this way it is possible to separate ThB from 
ThC. It is impossible by this method to separate Ra D 
from lead, as these bodies have very similar ion mobilities, 
namely, 61:0 and 61°9 respectively. Ral may be easily 
separated from both RaK and RaD on account of its greater 
mobility. 


§ 8. Relation between the mobility of the Llons and 
their position in the Periodic Table. 


Bredig* was the first to show that the mobility of an ion 
in an infinitely dilute solution is a function of its weight. 
The mobility of the ions of elements belonging to any par- 
ticular group in the periodic system increases as the atomic 
weight of the element increases. By means of this rule, it 
is possible to indicate the position of the elements ThB, 
RaB, and ActB in the periodic system. These elements are 
monovalent, and therefore belong either to the group of 
alkaline metals or to the group containing Ag, monovalent 
Hg, and monovalent Tl. 

From Table V., however, it is seen that if ThB belonged 
to the alkaline metal group, it would possess a greater 
mobility than that of czsium, namely 68°2. Its mobility 
is, however, less than this amount. ThB is therefore most 
likely a member of the second group, and since it has a 
greater atomic weight than silver, and therefore is more 


 * Zeit. phys. Chem. vol. xiii. p. 191 (1904). 
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electronegative, its most probable position is between thallium 
and lead. This conclusion is supported by the electrochemical 
and the chemical behaviour of the substance, as shown by 
the recent work of the author *, and by Fleck + respectively. 


(USA 
Mobility of the cations. 


Lithium ...... 30°44 Silviericdies 2. secee 54:02 
Sodium ......... 43°55 Radium Bs... | 
Potassium...... 64:67 | Thorium B .. 5d'4 
Rubidium...... 67°60 Actinium B .. 
Cesium ...... 68:20 

Magnesium ... 49°0 

Caleiuin......... 53°0 

Strontium...... 54:0 

Barium ......... 75S: ZAIN We ses ce: 47-5 
Radium......... 576 Copper... 49°0 
Thorium X ... 58:0 

Actinium X ... 56°] 


§ 9. Expulsion of an a-particle or a B-particle from a dis- 
integrating atom, and the difference in valency between 
the parent and the resultant atom. 


The valencies of no less than 22 radioelements are now 
known. They are given in Table VI. (p. 412). Itnow remains 
to discuss with these data how far the difference in valency 
between the parent and the resultant atom is due to the 
expulsion of an «- ora @-particle. For two reasons, however, 
it is necessary to be cautious in drawing conclusions. The 
first is that the valency of an element is not an invariable 
quantity like its atomic weight, but depends on various 
factors such as, for instance, the nature of the element with 
which the element is combined. In all our experiments, the 
radioelements were present as chlorides in a weakly acid 
solution, and there is no reason therefore for believing that 
the valencies found are not the chief valencies. The second 
reason is that all the elements in a disintegration series may 
not yet be discovered, and the discovery of new elements 
intermediate between known elements in the series may 
profoundly modify our conclusions. In this connexion the 
recent work of Marsden and Darwin { on the complexity of 
thorium C, and of Fajans§ on radium OC, is of considerable 

* Phil. Mag. vol. xxiii. p. 628 (1912). 

+ British Assoc. Reports, Dundee, 1912. 


{ Marsden & Darwin, Proc. Roy. Soc. A. vol. Ixxxvii. p. 17 (1912). 
§ Fajans, Phys. Zeit. vol. xiii. p. 699 (1912). 
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importance. It may be said that the properties of radium © 
given in this paper do not refer to the product called radium 
C’ by Fajans, but to its mother substance, namely the product 
which has a period of 19°5 minutes, and is called radium C,. 
There is thus between radium C, of known valency, and 
radium D of known valency, a product radium C’ of unknown 
valency. 


Tanun VI. 


Ratio of the difference in| 
valency between parent 

Badioclement iy oo maBeriod. Valency. | and resultant product, 
and the number of po-' 
sitive charges emitted 
by the parent atom. 


Uirintam fe epee need | 5xX10° years 6 — 
iranian De acces 24-5 days 4 2 an 
| 2 —_— 

A ram 2 os. -eaeene 2x 10° years 6 B 

r5) 
MOM eee kee ee hale 10? years(?) 4 a 1 

2 
MAG AWA sore oasrcsiattel ee 1760 years 2 5 =1 

| >) 

Radium emanation ... 3:85 days 0 a =1 
Radimmay Al cheese sce tiees. 3°15 mins. | probably 2 © 
(Radauna IB ....¢tkesso ot 26°77 mins. 1 ? 
Dadam.) Sc eee ae ee 19°5 mins. 2 | B 
Radium O’ ...... aoe ? Z 6 
Radin Wyi00 4s. i 16:5 years 2 x 
adam AB... 260s cose «i 5 days 2 B 
Medan BY eee sera 186 days Seyi B 
(UMORIUM | kere ate. ose 3x 1010 years 4 | ze 
Mesothorium 1 ......... 55 years 2 | 5 = 
Mesothorium 2......... 62 hours > = 
Radiothorium ......... 737 days 4 
Thorium, X .fh.s-065« 3-67 days 2 3g = 

2 
Thorium emanation... 54 seconds 0 5) =1 
(Thorium Al) ...0.te..-- 1/7 second | probably 2 ? 
“ADVatcrern bil | So aeens aenene 10°6 hours 1 ? 
Thorium C ........+.-. 1 hour 2 B 
Radioactinium ......... 19°6 days 4 | 
Actinium X ......0.+-- 10°5 days 2 ! a 
Actinium emanation... 3:9 seconds 0 | =1 


BH VO by| bo bi to | 


eAetinium Ad’... 4.5.8.0: 1/450 second probably 2 
Actinium sb \e.ciceuesrs 36 mins. : 
Actiaim CM. ieess save. 


2-2 mins. | ys 
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Similarly, the properties of thorium C given in this paper 
refer to the product called thorium C by Marsden and Darwin. 
This is the parent substance of thorium C, a quick changing 
product of unknown valency. In both these cases, therefore, it 
is obvious that the connexion between change of valency and 
expulsion of an a-particle must remain at present unsettled. 

8 in the fourth column of the table means that the parent 
substance of the element is a @-ray body. The elactro- 
chemical behaviour of radium A renders it very probable 
that radium A, and therefore very probably thorium A and 
actinium A, are divalent. It would be extremely difficult 
to settle this point with certainty. 

It is seen from the above table that expulsion of a 
@-particle seems to affect the valency in a direction opposite 
to that affected by the a-ray change. Inthe case of expulsion 
of an a-particle, the relation is much more obvious. There 
are nine cases in which the valency of the resultant atom is 
two units different from that of the parent atom after the 
latter has expelled an a-particle. ‘These are the trans- 
formations of ionium into radium, radium into emanation, 
thorium into mesothorium 1, radiothorium into thorium X, 
thorium X into emanation, radioactinium into actinium X, 
and actinium X into emanation. The case of uranium 1 
and 2 is rather a complex one, and will be dealt with in 
the paper that follows. In ten further cases it is impossible 
to say whether or not this rule holds, owing to want of 
complete data, but there is at present no reason to assume 
that it is not fulfilled. Whether the rule be shown to 
hold strictly or not by subsequent research, there can be 
no doubt that the change of valency with expulsion of an 
a-particle is not simply fortuitous. 

After the present work was finished the author’s attention 
was directed to a view, practically the same as that given 
above, put forward by EF’. Soddy in his recent book *. It is 
there pointed out that all long-lived radioelements are elements 
of even valency, and that the valency suffers a change of 
two units when an «-particle is expelled. In addition to the 
nine cases cited above, the change of radium D into radium 
F, and-of the latter into lead, are cited as obeying the rule. 
Each of these three bodies has a valency of 2. Radium D 
and lead, however, belong to group IV. of the periodic 
system, and radium IF very probably to group VI. In the. 
present state of our knowledge, therefore, the rule holds 
better, if instead of saying that the valency of an element 
suffers a change of two units, we say that the number of the 

* ‘Chemistry of the Radioelements,’ p. 29. 
Phil. Mag. 8. 6. Vol. 25. No. 147. March 1913. 2a lt 


414. On the Valency of the Radioelements. 


group in the periodic system to which it belongs is changed 
by two units, after an a-particle has been expelled. Of © 
course when Soddy put forward this view, the valencies of 
most of the radioelements had not been directly determined, 
but had been simply assumed to be those of the common 
elements, to which they are chemically most akin. 


SUMMARY. 


From the velocity with which a cation diffuses in great 
excess of its anion, it is shown that it is possible to determine 
the number of charges borne by the cation, and therefore its 
valency. The diffusion constants of radium, thorium X, 
actinium X, uranium X, radiothorium, thorium B, thorium 
C, radium D, radium EH, radium F, ionium, and thorium have 
been determined, and from these results the valencies of these 
bodies have been obtained. 

By measuring the mobilities and the diffusion constants of , 
radioactive bodies their valencies can also be obtained. This 
second method may therefore be used to check the results 
obtained by the first. The mobilities of radium, thorium X, 
actinium X, thorium B, thorium C, radium C, radium D, 
radium EK, and radium I have been determined, and from 
these results the valencies of these bodies have been calcu- 
lated. The values obtained by the second method are in 
good agreement with those obtained by the first. 

Nernst’s theory of the diffusion of electrolytes, which was 
derived and proved to hold for monovalent electrolytes, is 
shown to be applicable for electrolytes of any valency. 

From the relation between the mobilities of ions and their 
position in the periodic system, light has been thrown on 
the chemical nature of thorium B. “The three B bodies are 
monovalent, but do not. belong to the alkaline metal group. 
of bodies. Their chemical properties lie most probably 
between those of thallium and lead. 

In nine cases after the expulsion of an a-particle by a 
parent substance, the valency of the resultant product differs. 
from that of its parent by two units. It is at present im- 
possible to say if this rule holds strictly in all cases owing 
to absence of complete data. ‘The relation is certainly more 
than a mere fortuitous one. 


T wish to thank Professor Rutherford very much not only 
for the continued interest he has taken in the research, but 
also for the valuable radioactive preparations he has placed 
at my disposal. 


Physical Laboratories, 
Manchester University, 
November 1912. 
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XLI. The Diffusion of Uranium. By G. von HEVvEsy, 
Ph.D., Hon. Research Fellow of the University of Man- 
chester, and L. VoN PutTNoKy *. 

ee found that uranium in disintegrating emits 

twice as many e-particles as the other bodies in the 

uranium-radium series, each of which emits one «-particle 
only. To explain this result we may assume, either that a 
uranium atom expels two ¢-particles on disintegrating, or 
that there is present with the uranium a second long-lived 
body which also expels an a-particle. Geiger and Nuttall f 
have shown recently that there are two different a-particles 
emitted by uranium, one having a range about 4 mm. greater 
than the other. The emission of an a-particle of definite 
range is a characteristic property of a radioelement. The 
obvious deduction, therefore, from Geiger and Nuttall’s 
experiments is that ordinary uranium consists of two bodies, 
uranium 1 and uranium 2, each of which expels one e-par- 
ticle. The same authors have shown further that theve is a 
linear relation between the logarithm of the range of the 
a-particle in air and the logarithm of the transformation 
constant. From this relation they have deduced that the 
period of uranium 1 is 5x 10° years, and that of uranium 2 
2x10° years. Hence in 2500 parts of commercial uranium, 
there is one part of uranium 2, and the activity of this body, 
weight for weight, is 1250 times that of the uranium. The 
isolation of uranium 2, therefore, would be of considerable 
practical interest. 

In the preceding paper it is shown that after expulsion of 
an a-particle, the resultant product in many cases has a 
valency which differs by two from that of the disintegrating 
atom. It is of interest, therefore, to ascertain whether 
uranium 2 differs in valency from uranium 1. If it does 
it would diffuse at a different rate, and should therefore be 
capable of being partially separated from it. 

With this object in view the diffusion rates of the com- 
plex bivalent ion UO,.+* and the quadrivalent ion Utt** 
have been compared. The bivalent ions are produced by 
dissolving uranyl salts in water, and the quadrivalent ions 
by dissolving the urano-salts. | 

The diffusion constant either of the uranyl ion or of the 
urano ion may be obtained in two different ways :— 

(1) By determining the weight of uranium in equal 

volumes of the solution in the various layers. 

(2) By determining the activity of the uranium in equal 

volumes of the solution in the various layers. 
* Communicated by Prof. E. Rutherford, F.R.S. 
+ Phil, Mag, vol. xxiil. 7 a (1912). 

2H 2 
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If uranium 1 diffuses at a different rate from that of 
uranium 2, some of the layers will be more active, weight 
for weight of uranium, than others, and the diffusion con- 
stant obtained by the second way will be very different from 
that obtained by the first. 

The diffusion apparatus employed in this experiment is 
described in the preceding paper. 

The amount of uranium in a layer of the liquid was deter- 
mined gravimetrically by evaporating the solution to dryness, 
igniting first in air and then in hydrogen, and weighing as 
UO,. The activity was determined by rubbing a small 
quantity of the oxide in a finely powdered condition on a 
ground-glass disk, and measuring it in an @-ray electroscope. 
The amount of uranium oxide per sq. cm. exceeded in no 
case more than 1/3 mg., as with thicker layers the absorption 
of the rays by the material becomes of consequence. 

The uranyl nitrate used was purified by crystallization. 
The urano salt was prepared by reducing a uranyl salt elec- 
trolytically at a lead cathode surrounded by a diaphragm. 
The current density employed was 0°15 amp. per sq. cm. 
Reduction took place in an atmosphere of CO,. During the 
diffusion of the urano salt also, the diffusion apparatus was 


filled with CQ,. 

The following are the results of the experiments made :—- 

(1) Diffusion velocity of UO.(NO3), from a 1/5 molar 
solution of uranyl nitrate and an 8 molar nitric acid solution 
in 8 mol. HNO3. 

Diffusion constant at 18° calculated from the weight of 
the material used 


0-442 sq. cm. per day. 
Same calculated from the activity 
0°438 +0:005 sq. cm. per day. 


In this experiment the diffusion of the UO, ion takes 
place in an excess of the anion (NOs). In this case, as is 
shown in the foregoing paper, differences in the nature of the 
migrating cation are more pronounced than in the case when 
it diffuses in water. The diffusion velocity of the cation in 
water depends to the same extent on both ions. 


(2) Diffusion velocity of 1/5 molar UO,(NO3), in water. 


Diffusion constant calculated from the weight of material, 
0-576 sq. cm. per day. 
Same calculated from the activity, 
0°581+0-006 sq. cm. per day. 


the Diffusion of Uranium. AIT 


(3) Diffusion velocity of 1/6 molar U(SQ,)2 in water. 
Diffusion constant calculated from the weight of material, 


0°480 sq. cm. per day. 
Same calculated from the activity, 
0-480 +-0°004 sq. cm. per day. 


In these experiments diffusion was allowed to take place for 
periods of from two to eight days. 


The results show clearly that the differences in the diffusion 
constant calculated from the amount of material used and 
from the activity lie wholly within the error of experiment. 
If uranium 2 differs in valency from uranium 1 by two units, 
the diffusion constants calculated from the two sets of data 
should show a difference of about 30 per cent. 

The fact that the diffusion constant of the quadrivalent 
urano salts is only about 20 per cent. lower than that of the 
bivalent uranyl salts may seem to contradict the conclusions 
of the preceding paper. In these experiments, however, not 
only does diffusion take place in excess of the anion, but the 
solution used is so concentrated (1/6 molar) that the disso- 
ciation of the U(SQ,), into its quadrivalent ions is incom- 
plete, and it is to be expected therefore that it has a 
correspondingly greater diffusion constant. 

It is difficult at present to say whether or not the results 
of these experiments contradict the hypothesis that loss of 
an a-particle from an atom causes the valency of the resultant 
atom to differ by two from the parent one. ‘The existence 
of uranium 2, though rendered probable by the work of 
Geiger and Nuttall * and of Marsden and Barrett f, is not 
established with certainty. Again, its position in the dis- 
integration series is at present uncertain. It may lie either 
- between uranium 1 and uranium X, or between uranium X 
and ionium. The experiments of Soddy on the growth 
of radium from uranium X indicate that it comes after 
uranium X, though naturally these results are capable of 
another interpretation. If this were so, uranium (hexa- 
valent) produces uranium X (quadrivalent), and the latter, 
uranium 2 (hexavalent). The transformation of uranium 1 
into uranium X, and that of uranium X into uranium 2, 
would then result in the valency changing by two units in 
each case. Itis not improbable that this is really what takes 
place, for the expulsion of an #-ray should change the nature 


* Loe. cit. 
+ Proc. Phys. Soc. 1911, vol. xxiii. p. 367. 
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of an atom so much, that it is unlikely that the parent and the 
resultant products would differ in no way chemically. 

Experiments have been made to separate uranium 1 from 
uranium 2 by depositing the oxide on electrodes at different 
potentials. ‘The results have been negative. This agrees 
with the previous work of Boltwood, and of Soddy, on the 
same problem. 


Summary. 


The existence of uranium 2 cannot be shown chemically. 
Uranium 1 cannot be separated or concentrated from 
uranium 2 by diffusion. If uranium 2 really exists, a fact 
rendered very probable by the experiments of Geiger and 
Nuttall, it is not only very similar chemically to uranium 1, 
but has also the same valency. 

Physical Laboratories, 


The University, Manchester, 9 “=, 
November 1912. 


XLII. Onan Anomalous Variation of the Rigidity of Phosphor 
Bronze. By H. Preauine, WSc., late Oliver Lodge Fellow, 
University of Liverpool ™. 

HOSPHOR-BRONZE strip is used in many delicate 
physical instruments, and has largely displaced silk 

fibre for the suspension of light magnetic and electric 
systems such as are needed in a vibration electrometer and 
in quadrant electrometers. ‘The strips are very strong, will 
stand a good deal of rough usage, are readily manufactured, 
are very uniform in cross-section, and the ratio of the breadth 
to the thickness is considerable. The last property is parti- 
cularly useful when the strips are used in a vibrating mag- 
netometer, where great strength is needed and a very feeble 
resistance to twisting wanted. De St. Venant calculated 
that a given couple will produce in a strip whose cross- 
section is a very elongated ellipse having semiaxes of length 
a 

a and b, 3h 

the same cross-sectional area and length, and a similar 

relationship holds for a strip of rectangular cross-section. As 

a set off against these advantages the strips have one very 

serious disadvantage which dves not appear to have been 

noticed before, viz. the restoring couple per unit angle of 
twist varies considerably with the load which is supported, 


* Communicated by Prof. L. R. Wilberforce. 


times the twist it produces in a circular wire of 
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being much greater for a heavy load than for a light one. 


This discrepancy was noticed during experiments with a 
vibration magnetometer for which it was necessary to 
measure the restoring couple per unit angle of twist, which, 
though small, was appreciable, by means of brass bars of the 
same dimensions as the magnets whose magnetic moments 
are being measured ; and it was found that the rigidity was 
much less when the stirrup only was supported than when 
the brass was held in the stirrup. The discrepancy observed 
was so large that the following experiments were made to 
determine the cause of it. 

The experiments were made chiefly with phosphor-bronze 
strips of the following dimensions: (1) 0:0010 cm. thick, 
022 cm. wide, and 25 em. long; and (2) 0:0043 cm. thick, 
0-48 cm. wide, and 25 cm. long. The dynamical method 
was used to measure the coefficients of torsion of the strips. 
One end of the strip was soldered to a piece of brass which 
was rigidly held in a torsion-head, and the other end was 
soldered to a light copper stirrup, which supported in a 
horizontal position circular brass rods of weights varying 
from ‘1 gr. to 25 gr. and each about 9 cm. in length. The 
whole was enclosed in a glass case. When a rod of a given 
weight had been placed in the stirrup the time of a convenient 
number of swings was observed. ‘The moments of inertia of 
the rods and stirrup were then calculated from a knowledge 
of their measurements and weights. It is easy to see that a 
knowledge of these and of the time of swing for each of them 
will give the values of the restoring couple per unit angle of 
twist. In practice relative values of the restoring couples for 
the various weights supported were obtained in the following 
manner :— 

Let 7, and 7, be the restoring couples, T, and T, the times 
of swing when the first and second rods were respectively 
placed on the stirrup, and let I,, I,, and I, be the moments of 
inertia of the first and second rods and stirrup respectively. 


Then T2937 I,+ Is 


LB 
and p= 2a I, + Ty. 
T2 
Hence aM. (bth) 
Fish Ee A 4 OO 


Similarly the ratios of 73, T,...T» to 7, were determined. 
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Fig. 1 and fig. 2 curve 1 give typical graphs obtained by 


plotting the flaca values of the rigidity as ordinates and 


Fig. 1. 
[5 


I-Q 


0 VW 14 


the weights supported as abscissee. Fig. 1 was for a phosphor- 
bronze strip 0°0010 cm. thick, and fig. 2 for a strip 0°0043 cm. 
thick. In fig. 2 it will be noticed that the restoring couple 
per unit angle of twist for a small load is only one third of 
that for a heavy load. With the thin strips the rigidity 
varied very rapidly for small loads, as is shown in fig. 1, 
decreasing as the load is decreased, but for very small loads 
increasing again. ‘The discrepancy was different for different 
strips of the same thickness even when eer were cut off the 


same length, but the maximum ratio of | —— was about 3. In 


general fig. 1 is typical of the eee bar of all the thin 
strips and fig. 2 of the thick strips, though the amount of 
variation was different in different specimens. 
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Fig. 2. 


Torsionat Rigipity 


es 25 
atti ie oaks 
*(I.) Behaviour of strip on first test. 
GLE.) x » two days later. 
CLEL.) a , fortnight later. 
tT (IV.) a » after overstraining it by bending. 
(V.) “a » after annealing it. 


* Curve I. became level for heavier loads than those shown in diagram» 
and the maximum value obtamed was much less than those in curve V. 

+ This was tested a month later and to a close approximation ;the 
same values were obtained. 


Influence of the Thickness of the Strip. 


When thicker strips than these were tried variations in the 
coefficients of torsion were observed, but these were not more 
than 5 per cent., and were very irregular, the irregularities 
being much greater for small loads than for large ones. 
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Some of the specimens of strip 0:0043 cm. thick showed 
quite as much variation of the torsional rigidity as those only 
0:0010 em. thick, but as a rule this was not so, and the 
thicker specimens showed less variation. Phosphor-bronze 
wire 6 mm. diameter showed no variation in the torsional 
rigidity, although loads of up to 4 kilograms were tried. 


Lrminution of the Discrepancy with Time. . 


The graphs obtained were the same no matter in what 
order the readings were taken, and the values obtained were 
not appreciably different when the readings were repeated if 
that was done so at once; but the values obtained when a 
strip was newly set up differed considerably from those 
obtained a few days later, the strip having been under a 
tension of 25 grams weight in the interval. This alteration 
in rigidity continues for a few days. This is shown in fig. 2, 
curves I., II,, © III. It must be concluded that the strips when 
under tension gradually alter in structure, and that this 
alteration is of a permanent nature and makes the strip have 
a greater restoring couple when supporting small loads than 
formerly. Other strips which were tried did not show such 
a pronounced initial difference between the torsion for a 
slight and for a heavy load, and also showed a much smaller 
alteration with time, but the alterations that were observed 
were always in the same direction, and were most pronounced 
for the small loads. 


Influence of Amplitude on the Effect. 


A few preliminary experiments showed that the time of 
swing altered very little if at all with increase of amplitude. 
The rod which was held in the stirrup was displaced trom its 
equilibrium position about 180°, and the time of the first 
20 swings was found to be very little different from the time 
of any 20 swings subsequent to these, which were of course 
necessarily of much smaller amplitude. In all the obser- 
vations mentioned in this communication an initial amplitude 
of 180° was made; but whenever this was not done it was 
never found that the time of swing was appreciably different, 


Influence of Damping on the Effect. 


The damping of the oscillation in all these experiments, 
although it was not very large, was still very noticeable. 
The damping was due to two causes, the resistance of the air 
and the viscosity of the strip. The first may be dismissed 
from consideration, as it can have only a negligible effect on 


the period of the rod, but the second is certain to have 
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an effect on the period especially when the period is small, 
asthe viscosity causes the zero to move periodically. In the 
case of phosphor-bronze the viscosity could not have been 
very great as the logarithmic decrement was never very 
large. To test what effect altering the period (and hence the 
damping) had on the rigidity the following experiment was 
made. ‘Two brass circular nuts of total weight 19°5 grams 
moved on a brass screw 9 cm. long and 6°1 grams in mass. 
Ty. e . . . 

The moment of inertia of the system could then be varied 
very readily without varying the weight. By this means 
the time of swing was made to vary in the ratio of 2:1. 
This alteration in period was not accompanied by any appre- 
ciable alteration in the rigidity. For a light load a slightly 
different procedure was adopted. A rod was soldered to the 
strip, and then to vary the moment of inertia it was bent into 
the the shape of an inverted V. Again the rigidity did not 
vary tor the same weight. lt was concluded that the rigidity 
does not depend on the damping. In further proof of this 
it may be mentioned that the strips which had had the 
discrepancy removed from them by annealing showed no 


change in the damping of their oscillations. 


Injluence of Temperature on the Discrepancy. 


To test whether raising the temperature of the strip for a 
short time and then allowing it to cool influenced the variation 
of rigidity the following experiment was tried. The strip 
was placed in a glass tube which was then closed and put in 


a steam-jacket and steam was allowed to flow through briskly 
for about an hour. When taken out the behaviour of the strip 
was found to be exactly the same as before. It was therefore 
concluded that temperature had no influence on the result. 
In later experiments this view was found to be erroneous, as 
when the strips were heated strongly enough and sufficiently 
long to anneal them the effect was largely removed. This 
will be considered in more detail when an explanation of the 
discrepancy is given. 

The experiments described above were made to discover the 
properties of this discrepancy between fact and theory ; those 
described below were made to test possible explanations of it. 

1. It is well known that in a bifilar suspension the restoring 
couple per unit angle of twist is proportional to the weight 
supported. It is possible that a strip of metal will show a 
bifilar property. To test this a steel strip was set up 67 cm. 
long, 64cm. wide, and ‘04 cm. thick. It was gripped 
firmly at the top by a pin-vice, and supported in a horizontal 
position a light rectangular wooden platform provided with 


424. Mr. H. Pealing on an Anomalous 


a paper millimetre-scale fastened on it in the direction of its: 
length, and also witha pin-vice through its centre to grip 
the steel strip. Two equal weights were then placed on the 
platform at equal distances (say R,) from the axis of sus- 
pension and T the time of a hundred swings noted. These 
two weights were then placed at a distance R, from the axis 
of suspension and T’, observed. This was done for a number 
of weights varying from 100 grams to 1000 grams. When 
the results were plotied asa graph it was found that T,?—T,? 
was accurately proportional to the weight supported, showing 
conclusively that the restoring couple per unit angle did not 
depend upon the weight supported. It will be noticed that 
the method of experimenting eliminates the effect of the 
platform and of the finite size of the weights. As the steel 
strip 1s much broader than the phosphor-bronze strip, the 
experiment clearly negatives the view that in the phosphor- 
bronze strip we have any bifilar property. 

2. Most of the specimens examined had small kinks in 
them, though some seemed to the eye to be perfectly smooth. 
Now the presence of a kink means that the strip is both bent 
and twisted at that point. The bending and twisting will 
have an effect upon the times of swing of the rods, and of 
these that of the twist will be the greater. As more weight 
is added the twist of the strip will be increased, hence the 
effect of the kink will be greater the greater the load 
supported. The effect of the twist will be to shorten the time 
of swing, and so the time of swing for the heavy loads will be 
shorter than it ought to be, and the restoring couple will 
appear to be bigger for the heavy loads than for the light 
loads. That is, a twist in the strip will produce an effect of 
the nature of the one we are investigating. Hxperiments 
with the strips did not support this view. Some of the strips 
were smooth and free from kinks to begin with, but showed 
the effect just as distinctly as those which had kinks, and 
when they had kinks made in them either by design or 
accident, no difference in behaviour was noted. The effect 
of a twist was tested in a more definite manner by an expe- 
riment on the same steel strip described above. The strip 
was deformed in such a way that it received a twist of about 
180° but still hung perpendicularly. ‘The time of swing was 
altered by only a small amount; but when T,?—T,? was 
plotted as ordinate and the weight supported as abscissee a 
straight line was obtained as before. Jt was concluded that 
the effect of kinks was negligible. 

3. It also.occurred to me that as well as overstrains such 
as kinks, the strips may have overstrains in them owing to 
the method of manufacture, although the strips may be of 
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uniform cross-section and perfectly straight. It is well known 
that metal manufactured in sheets is subject to such over- 
strains, especially when itis rolled at too low a temperature— 
as is shown by the fact that a perfectly plane sheet of metal 
may be made convex by avery small force, and cannot be 
made plane again unless manipulated by skilful hands. That 
such overstrains existed in the phosphor-bronze strip seems 
to be proved by the following experiments. 

I thought it possible that if the observed discrepancy was 
due to such an overstrain it would disappear if the strip was 
annealed; and on making a trial found that it did so. The 
method finally adopted for the purpose of annealing the strip 
was to place it, after carefully straightening it out, on the 
plane surface of a brass bar 2 cm. square and 28 cm. long, 
and then to place on the top of the strip a similar bar of brass, 
eare being taken to keep the strip straight during the 
operation. The whole was then placed on a tripod and 
gently heated with a blowpipe-flame. When a suitable 
temperature was reached, the bar was kept approximately at 
that temperature for about 10 minutes and then allowed to 
cool. It was not necessary to wait until the rods had com- 
pletely cooled and the strip could be taken out when fairly 
hot. It was then found to be very soft, and the restoring 
couple per unit angle of twist was now the same for all loads. 
Fig. 2 curve V. shows the results obtained with one strip. 
Tt will be noticed that although the annealing has made the 
strip softer, yet the restoring couple per unit angle of twist 
has been substantially increased. Inthe process of annealing 
care must be taken not to make the strip too hot nor to keep 
it hot too long, as if either is done the strip becomes “ short,” 
its strength is much diminished, and the restoring couple 
per unit angle of twist becomes much less. It is difficult to 
avoid this when using very thin strips; but even in this case 
the discrepancy was very largely removed, and this alteration 
was permanent in character. These experiments therefore 
afford strong proof that the discrepancy is due to an over- 
strain in the strip. This view was further confirmed by 
another experiment. It was thought that if the discrepancy 
was due to such an overstrain, then if it was overstrained in 
another manner the effect would be altered. It is cbvious 
that it would be better to overstrain it in such a way that the 
outside layers were treated differently from the interior 
portions, as the overstrain due to the method of manufacture 
will be chiefly on the outer layers. Such a method of over- 
straining is that of wrapping the strip round a narrow 
cylinder. This method was adopted. When taken off the 
cylinder it was in the form of a spiral of permanent form, 
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about 4 mm. in diameter. It was then straightened out as 
far as possible by hand, and its behaviour tested. The dis- 
crepancy was found to have almost disappeared, and when 
the strip was left standing for four weeks it did not alter 
perceptibly, so that the disappearance of the effect seemed to 
be permanent. ‘This is shown in fig. 2, graphs I. and IV. 
It is seen that the rigidity for the heavy loads has scarcely 
altered, but that for the light loads has been greatly increased. 
Other specimens gave similar results. It was not found 
possible to treat the very thin strips in this manner as they 
invariably broke in the process. The conclusion drawn was 
that the bending overstrain removed the discrepancy. A 
later experiment threw a little doubt on this ; for when an 
attempt was made to straighten the strip a little more it went 
back to the form of a spiral such as it had been into before ; 
thus proving that the bending overstrain had not been 
removed by the straightening, but had superposed on it 
another overstrain largely of the nature of a twist which 
could be more easily removed. We have, therefore, the 
alternative explanation that the original effect remains 
unaltered, but that we have now in addition an opposite 
effect nearly neutralizing the other owing to the overstrain 
we have added. ‘This, however, appears to be very unlikely, 
as the twist we have given to the strip in overstraining it 
will not produce a contrary effect, but would increase the 
amount of the original effect. The explanation that the 
discrepancy is due to overstrains given to the strips during 
the process of manufacture thus receives ample proof from 
experiments on bending overstrain, and more particularly on 
the annealing of the strips. 

Sir William Roberts-Austen found that the addition of 
2 per cent. of potassium to gold diminished the greatest 

ull it would sustain without breaking to ;4 of its former 
value. If the presence of a small amount of foreign substance 
has such a large influence on the strength of a material, it 
would seem to be very likely that when the relationship of the 
foreign ingredient, which in the case of phosphor bronze is 
phosphorus, is altered with regard to the metal, such as 
would occur with an overstrain, then a large alteration in the 


elasticity will take place. 


Summary 
1. When phosphor-bronze strip is very hard, in which 
condition it usually is when sent out from the manufacturer, 
it shows an anomalous variation of its coefficient of rigidity, 
the rigidity for small loads being much less than for heavy 
loads. 
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(a: The variation is greatest in the thin strips, is very small 
with thick strips, and is entirely absent in phosphor- 
bronze wire. 

() It is not present owing to any variation of amplitude 
or of damping, and disappears partially though very 
slowly when under tension. 

2. The effect was found to be practically removed when 
the strip was annealed, and was partially removed when it 
was overstrained by bending it. 

3. The explanation given is that the effect is due to over- 
strains given to the strips during the process of manufacture. 


Tn conclusion it is with great pleasure I express my thanks 
to Professor Wilberforce, who suggested the investigation to 
me and who first noticed this anomalous effect. 

George Holt Physics Laboratory, 

University of Liverpool. 
Dee. 7, 1912. 


XLII. Vhe Electrical Vibrations associated with thin termi- 


nated Conducting Rods. By Professor H. M. Macpona.p, 
Pelt.” 


[* a paper, ‘The correction to the length of terminated 
rods in Hlectrical Problems”? f Lord Rayleigh con- 
cludes, from comparison with the corresponding electrostatic 
problem, that the difference between the half-wave length of 
the gravest vibration and the length of the rod tends to zero 
when the radius of the rod tends to zero. The result is also 
involved that the radiation from the rod tends to zero as the 
radius does. The rod is assumed to be perfectly conducting 
and the medium surrounding it to be such that electrical 
discharge does not take place trom the end of the rod. 

The question at issue is whether these assumptions repre- 
sent the actual circumstances when the medium surrounding 
the rod is such that electrical discharge, and therefore 
radiation, can take place from the free end, as, for example, 
in the case of Marconi’s antenne{. The distribution of 
electric force in the neighbourhood of a terminated rod or 
wire in air, on which there are electrical oscillations, appears 
to have been first investigated by Sarasin and Birkeland §, 
and they conclude that there is direct radiation from the free 


* Communicated by the Author. 

+ Phil. Mag. vol. xxv. p. 1 (1918). 

t Cf. Phil. Mag. vol. viii. p. 276 (1904). 

§ Comptes Rendus, vol. cxvii. p. 618 (1893); Phil. Mag. vol. xxxvii. 
p. 241 (1894). 
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end of the wire. The disturbance in the immediate neigh- 
bourhood of the free end that gives rise to this radiation 
appears to be of the same kind as in the electrical discharge 
from a conductor which has a sharp point on it. It would 
follow from this that the mechanism by which energy is 
radiated from the extremity of a Marconi antenna is the 
same as that by which the electric charge of a conductor is 
discharged from a sharp. point on it, and that it receives 
energy in the same way as a lightning-conductor discharges 
athundercloud. These considerations appeared to me to lead 
to the conclusion that the radiation from the free end was the 
important factor both in the case of the Hertz resonator and 
of the electrical oscillations associated with a terminated wire. 
The mathematical representation of this radiation when the 
oscillations are not maintained steady presents difficulties 
which so far have not been overcome; but when the oscil- 
lations are maintained the representation can be effected by 
some distribution of Hertzian oscillators. The radiation 
from a resonator is the sameas that froma Hertzian oscillator 
whose axis coincides with the straight line joining the free 
ends of the resonator, and therefore the radiation from a 
free end is the same as the radiation from an end of the 
oscillator. In the case of a terminated wire the radiation 
from the free end may also be assumed to be approximately 
the same as from an end of an oscillator, and the solutions of 
both problems obtained on this hypothesis are in agreement 
with the results of observation on resonators and terminated 
Wires in air. 


XLIV. Notices respecting New Books. 


Annuaire pour Van 1913. Publié par le Bureau des Longitudes. 
Paris: Gauthier-Villars. Price 1 fr. 50¢. 


'PHIS Annual, following out the alternating programme which it 

has adopted in recent years, contains this year, besides the 
usual astronomical tables, various tables relating to Metrology, 
Exchange Geography, Statistics, and Meteorology. 

The special technical articles to which the reader will naturally 
turn at first are by Commandant Ferrié on the application of 
wireless telegraphy to the transmission of time signals, and by 
M. Bigourdan ox the eclipse of the sun on the 17th April, 1912. 
But this volume contains also articles of more melancholy interest. 
These are the memorial discourses of M. Deslandres and 
M. Henri Poincaré on the astronomer Radau; and alas! the 
orations of MM. J. Claretie, Lippmann, Painlevé, Appell, Bigourdan, 
and General Cornille on M. Henri Poincaré himself! ‘‘ De quelle 
immense proie la mort vient de se saisir!” 
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The Theory of Determinants in the Historical Order of Development. 
By Tuomas More, C.M.G., LU.D., F.R.S. Vol. Il. The 
Period 1841 to 1860. Macmillan & Co. Limited; London, 1911. 


THE care and thoroughness which characterized the earlier volume 
of this important history of Determinants is evidenced also in the 
second volume, which brings the history down to the year 1860. 
Of the many writers whose works are discussed, Cayley, Sylvester, 
and Brioschi are the most frequently cited; and of these Cayley 
was the one who gaye the great impetus to the study of deter- 
minants, due, as Dr. Muir expresses it, to “the choice of an 
exceedingly apt notation and the masterly manner in which he put 
the functions to use.” The method adopted in the first volume of 
treating special kinds of determinants in appropriate chapters is 
followed also here, there being fifteen chapters devoted to General 
Determinants, Axisymmetric Determinants, Alternants, Recur- 
rents, Wronskians, Jacobians, Skew Determinants, Hessians, 
Circulants, and so on; while in chapter xvi. some less common 
special forms are considered. Apart from the value of the book 
as indicating the historic lines along which the subject developed, 
Dr. Muir’s own critical and explanatory remarks are always most 
interesting and elucidating. The book should be in every mathe- 
matical library, and students should be encouraged to read it along 
with their more systematic studies of the method. They will 
learn a great deal else besides. 


High Temperature Gas Thermometry. By Arruur L. Day and 
R. B. Sosman; with an investigation of the metals, by E. T. 
Auten. Carnegie Institution of Washington. 


Tuts is a valuable summary of a series of investigations intended 
to extend the absolute determinations of temperatures above 1200°, 
using a constant volume nitrogen thermometer with a platinum- 
rhodium bulb. The conditions of the success of the investigation 
are very thoroughly detailed. The book should be in the hands 
of all those engaged in high temperature work. 


Tables Annuelles de Constantes et Données numériques de Chimie, de 
Physique et de Technologie. Published by the International 
Committee nominated by the VIIth Congress of Applied 
Chemistry held in London. Vol. I.; pp. xxix+727. Paris: 
Gauthier-Villars, 1912. 

Tus fine volume of data comprises those only which were pub- 

lished during the year 1910. It is intended to issue a volume 

yearly, each volume to contain only one year’s data. To carry out 
this great scheme it has been necessary to enrol a large number 
of compilers, who have reduced to order the data obtained for 
them by a still larger number of abstractors. The general editor 
is Dr. Charles Marie of Paris; we must congratulate him on the 
successful way in which the first fruits of his labours, as presented 
here, have been reached. 

The issue of such a work as this is bound to facilitate the search 
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by investigators for work done by others cognate with their own. 
No research institute should be without it. 

The work is not intended to be self-paying, at any rate at the 
beginning. Very substantial monetary aid has been received from 
numerous Governments, Academies, Scientific Societies, and 
private individuals. The need for aid still exists we believe, and 
we venture, in this brief notice, to urge the great claims this 
enterprise possesses to all the support that can be given it. 


Theoretische Astronomie von Dr. W. KtInkerFuss. Third Hdition, 
revised andenlarged. By Dr. H. Bucuuotz. Pp. xxxvui+1070. 
Quarto, with 67 figures. Brunswick: Fr. Vieweg & Son, 1912. 
Price 50 Marks bound. 


THosE who are familiar with the second edition of Klinkerfues’ 
‘Theoretical Astronomy,’ produced in 1899 by Dr. H. Buchholz, will 
have a cordial welcome for the third edition of the same work 
which has recently appeared. 

The former edition differed in several important respects from 
Klinkerfues’ original work on which it was based. The earlier 
lectures of the series, dealing with the fundamental principles on 
which the determination of the orbit of a heavenly body depends, 
were developed at much greater length and with more completeness 
than in the original treatise. The value of the work was also much 
enhanced by the addition of an elaborate exposition of Gibbs’ 
Vector Method of Determining an Elliptic Orbit from Three Complete 
Observations, and of tables designed to facilitate the labour of 
computing orbits, which, with one exception, were wanting in 
the original. 

The third edition now before us marks another step in advance, 
and affords the reader a comprehensive knowledge of the various 
devices most frequently employed by the astronomer of the present 
day in determining the orbits of heavenly bodies. It is composed 
mainly with an eye to practical utility, and the aim of the editor 
appears to have been, not so much the attainment of mathematical 
elegance or uniformity of treatment, as to enable the astronomical 
computer to reach in the most advantageous way the best result 
deducible from the observational data at his disposal. 

Prefixed to the work is a long introduction in which, 2nter alia, 
the writer discusses at considerable length the reasons for an 
important change in the first lecture. Towards the end of that 
lecture as it appeared in the second edition, in describing the 
general problems of planetary motion, it was stated that Gyldén’s 
‘Theorie der absoluten Bahn” afforded a satisfactory solution of 
the perturbation problem and represented the motion for an 
indefinite time. As is well known, however, Gyldén’s “ horistic” 
method has been called in question by Poincaré and has given rise to 
a lively controversy, in view of which the references to the subject 
in the first lecture of the new edition have been entirely modified. 

Amongst the more recent methods of computing the orbit of a 
planet those of Gibbs, Harzer, and Leuschner are deserving of 
special mention ; and just as the second edition of this work was 
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distinguished from other textbooks on the same subject by con- 
taining an exposition of Gibbs’ Vector Method, so the third edition 
offers a special attraction in the lecture (No. 82) dealing with 
Leuschner’s method, and an appendix of 69 pages containing a 
collection of the formule to be applied in different cases, and 
a series of seven numerical examples fully worked out in detail. 
Of the last two methods—Harzer’s and Leuschner’s—the late 
M. Poincaré has said “‘ MM. Harzer et Leuschner paraissent avoir 
réalisé un progrés notable sur les méthodes usuelles ”; and of those 
who are familiar with Prof. Harzer’s contribution to the Astronom- 
asche Nachrichten, No. 3371, “ Ueber eine allzemeine Methode der 
Bahnbestimmung,” some may be inclined to regret that room was 
not found in this volume for a lecture on his method as well as 
that of the American astronomer. But, indeed, it might well 
appear unreasonable to complain of omissions in a work containing 
so much that is new and valuable, and the writer explains at 
length in his introduction the reasons which guided him in the 
selection of his material. 

The objections to be urged against Harzer’s method are chiefly 
ofa practical kind. It presupposes in the most advantageous case 
five complete observations of the planet, and the amount of jabour 
entailed in the computations is large in proportion to the increased 
accuracy to be gained. It seemed, however, to Leuschner that, 
if freed from its practical disadvantages, Harzer’s method would 
permit of the determination of an orbit, without previous hypo- 
thesis as to the eccentricity, more readily even than Olber’s classical 
method for determining parabolic elements in the case of comets. 

The improvements aimed at by Leuschner were :— 

I. The restriction of the number of the observations to three, the 
minimum number necessary for the solution of the problem. 
II. The reduction of the fundamental data to be approximated. 

These are (a) two observed geocentric coordinates, their velocities 

and accelerations; (6) the rectangular heliocentric coordinates 

and their velocities—all for the normal date. 

III. A short method of obtaining preliminary values of these 
quantities which will do away with the solution of simultaneous 
equations, as in Harzer’s method. 

IV. A short method of solving Harzer’s equation of the seventh 
degree for the geocentric distance. 

VY. A short method of determining the final values of the funda- 
mental quantities (6) from which the elements are computed. 


To ascertain how these improvements are effected reference 
must be made to the volume itself. Suffice it to say here that the 
solution of the equation of the seventh degree is accomplished by 
showing that it reduces to the form of an expression on which 
Oppolzer bases Table XIII a of his Lehrbuch zur Bahnbestimmung. 
In the work before us Oppolzer’s table has been extended to six 
places of decimals by Prof. Leuschner. It appears there as 
Table XVI, covering 42 pages, and by means of it the necessity 
for solving Harzer’s equation by trial is avoided, and the geocentric 
distance can be found directly by interpolation. 
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The chief advantages claimed for Leuschnev’s method in its latest 
form are :— 

The orbit can be computed with or without any assumption as to 
the eccentricity. 

The influence of aberration and parallax can be completely 
eliminated in the first approximation. 

Criteria are given by means of which the correctness of the 
assumption of a parabolic or of a circular orbit can be decided as 
the computation proceeds. 

It is easy to pass from a parabolic or a circular path to an orbit 
of a general character in the course of the computation. 

By the introduction of expressions of a closed form the correc- 
tion of the orbit can be extended to time intervals of any length. 

The limits of the possible periodic time may be easily determined 
and thus the degree of certainty attaching to the computed orbit 
may be estimated. 

For much disturbed bodies the perturbations may be considered 
in the first approximation and so osculating elemeuts obtained. 

The generality of the method permits its application without 
change to comets, planets, or satellites. 

It may perhaps be of interest to state here that about the time 
this book was passing through the press a striking illustration of 
the capabilities of Leuschner’s method was afforded in the case 
of the minor planet MT1911. This planet was discovered by 
Palisa at Vienna on Oct. 3, 1911, and was observed again by him 
on the 4th. It was also observed later on the same day by Pechiile 
at Copenhagen. After an interval of bad weather all efforts to 
recover it failed; and as it seemed to be moving in an orbit of high 
eccentricity, it was feared that the object was definitely lost. 

The problem of finding the orbit from three observations so close 
together appeared well nigh hopeless ; but two of Prof. Leuschner’s 
assistants at the Berkeley Observatory, California, attacking the 
problem by his powerful method, succeeded in finding an orbit 
and computed an ephemeris by the aid of which a faint image 
of the planet, previously overlooked, was detected on some of the 
Greenwich photographic plates taken on Oct.11. The planet was 
subsequently picked up in the same way at Heidelberg and other 

laces. 

; For the rest Prof. Buchholz’s new volume is very similar to the 
second edition, with the exception that the application of Gibbs’ 
method to the interesting case of Swift’s comet of 1880, and 
Lecture 94 on Mechanical Quadrature, have been omitted to make 
room for Leuschner’s method. But Prof. Buchholz has taken the 
opportunity afforded by the appearance of a new edition to correct 
many errors in the mathematical formule and numerical compu- 
tations which had escaped notice in the previous edition; and 
further he has published, in the form of a separate brochure supplied 
with each copy of his work, a long list of errata found in 
Bauschinger’s textbook Die Bahnbestimmung der Himmelskéorper, 
and in Oppolzer’s Lehrbuch zur Bahnbestimmung, which will be 
much appreciated by computers of orbits who have occasion to 
consult those important works. 
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XLV. The Selective Dispersion of Mercury Vapour at the 2536 
Absorption Line. By R. W. Woon, Professor of Hxperi- 
mental Physics, Johns Hopkins University, and Adams 
Research Fellow of Columbia University *. 

[Plate III] 


P to the present time no quantitative determinations have 
been made of the selective dispersion of non-luminous 
absorbing gases. About ten years ago I made a somewhat 
detailed study of the dispersion of sodium vapour, and a good 
deal of work has been done since by other observers, working 
along similar lines, but in the case of this vapour no one has 
succeeded in working under conditions of known density, 
for the vapour cannot be bounded by transparent solid sur- 
faces on account of the chemical action which it exerts. 
Ladenburg and Loria’s determinations of the dispersion of 
hydrogen at the « and 8 lines are net open to this objection, 
but in this case the absorption and dispersion results from 
the circumstance that the gas is ionized and rendered luminous 
by the electric discharge, and the conditions are consequently 
a little more complicated. 

A number of years ago I made some observations of the 
anomalous or selective dispersion of mercury vapour at the 
ultra-violet absorption line, the wave-length of which is 2536. 
This vapour appeared to be an ideal medium for a quantitative 
investigation of the phenomenon, since it can be contained 
‘in transparent vessels of fused quartz, and its vapour density 

* Communicated by the Author. 
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at various temperatures is very accurately known. As it 
seemed desirable to work with very low vapour densities, 
the interferometer method was the only one well adapted to 
the work, and I ordered from Herzeus a tube of fused quartz 
10 em. in length, terminated with end plates of the same 
material, which had been ground and polished, and were 
fused to the ends of the tubes. This tube is shown in fig. 1 
of my paper on the selective scattering, Kc. of resonating gas 
molecules (Phil. Mag. 1912, vol. xxiii. p. 689). It contained 
a drop of mercury and was very highly exhausted and sealed. 

For the ultra-violet interferometer I had Mr. Petitdidier, 
of Chicago, prepare for me a plane-parallel plate of white 
fluorite, as it was feared that the double refraction of quartz 
would give trouble. Fused quartz would perhaps answer 
the purpose if it could be obtained free from striee, but as it 
was my intention to carry on other investigations with the 
instrument in the remote ultra-violet, I decided upon fluorite. 
Some difficulty was found in getting a good deposit of silver 
on the plate, and a cathode deposit of gold was accordingly 
used. The back mirrors of the Michelson interferometer 
were of speculum metal, and no compensating plate was 
used. The quartz tube was introduced into the optical path 
of the instrument in which the compensator is usually placed, 
and the two end plates which closed it very nearly equalized 
the two paths, as their combined thickness was very nearly 
equal to that of the fluorite plate. It proved to be quite a 
problem to heat the tube, without at the same time heating 
the instrument, or the air in its vicinity, for the former 
would have caused a slow drift of the fringes, and the latter 
a fluttering confusion of them, either of which would have 
made photography impossible. ‘The sodium tubes in the 
earlier work gave very little trouble, as it was necessary to 
heat only the central. portion of the tube, which was done 
by an electric current. In the present case it was of course 
necessary to have every part of the tube, including the end 
windows, at the same temperature, and it seemed at first 
impossible to do this and at the same time keep currents of 
warm air out of the optical paths of the instrument. The 
problem was finally solved in a very simple manner. An 
air-bath was constructed of the form shown in fig. 1, out of 
two large brass tubes, one fitting within the other with a 
clearance of about a centimetre all around. Two small tubes 
were soldered into the ends of the outer tube, one of which 
was put in communication with an aspirator pump, and the 
other with a glass tube which was heated by a Bunsen burner 
turned down low. The temperature of the inner chamber 
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could be very nicely controlled by varying the height of the 
burner and the rate of flow of the water in the aspirator. 
For higher temperatures the flame was placed just below 
the aperture of the glass tube, so that the hot products of 
combustion were drawn through the air-bath. 

It was found that the temperature could be held constant, 
or rather within half a degree, for fifteen minutes or more, 
and as exposures of two or three minutes were all that were 
necessary, this arrangement gave entire satisfaction. The 
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air-bath was wrapped up in cotton, and disks of black paper, 
each perforated with a hole 1 cm. in diameter, were placed 
over the ends. The beam of light passed through these 
holes, traversing the quartz tube, which was mounted at the 
centre of the air-bath. As I do not remember to have seen 
any account of interferometer work in the ultra-violet, brief 
mention of some of the difficulties may be helpful to others 
taking up work along similar lines. The source of light was 
the iron arc, which was rendered parallel or slightly con- 
vergent for the ultra-violet, by means of a quartz lens. The 
fringes were first found with sodium light and the centre of 
the system found in the usual manner with a small gas flame. 
The mirrors of the instrument were adjusted so as to give a 
system of four or five horizontal fringes across the field of 
the instrument, which was of course somewhat constricted 
by the perforated screens of black paper, used to prevent as 
much as possible the escape of currents of hot air from the 
air-bath. The iron are was now placed in position behind 


the sodium flame and its light focussed upon the back mirrers 
ee 2 
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of the instrument by means of a quartz lens. An image of 
the fringe system was now projected upon the slit of a quartz 
spectrograph by means of a quartz fluorite achromatic lens. 
This gives us a spectrum of the arc traversed by horizontal 
black lines (the interference fringes), and if we have perfect 
compensation of the optical paths, and are at the centre of 
the system, the fringes will run in a _ horizontal direction 
throughout the entire spectrum. Asa matter of fact it was 
found that no fringes at all were visible in the ultra-violet 
region, and that they sloped in a very oblique direction in 
the violet, the slope increasing with a decrease of wave-length. 
This circumstance is due to the use of the two quartz end - 
plates as a compensator for the fluorite plate: the dispersion 
of the two substances is quite different, and the thickness 
traversed is not the same. The movable mirror of the 
instrument was now moved back a little and a second photo- 
graph taken. Matters were now worse than before, so the 
mirror was advanced a little ahead of the position which it 
occupied (perhaps 200 wave-lengths) when the coloured 
fringes were visible with white light. The fringes could 
now be followed through the entire spectrum, though they 
were very oblique at the extreme ultra-violet end. A further 
advance of the mirror brought them approximately horizontal 
in the region of the 2536 line of mercury, where all of the 
work in the present case was to be done. Viewed with an 
eyepiece the spectrum now showed nearly vertical fringes in the 
red and orange, and very oblique ones in the yellow and green. 

A rather poor photograph of the entire spectrum is repro- 
duced on Pl. ITI. fig. 9, which, however, gives a fair idea of the 
change in the slope of the fringes with change of spectral range. 
At the right-hand end of the picture (blue) the fringes slope 
down to the right at an angle of about 45°. In the middle 
(upper ultra-violet) they are horizontal, while at the left 
(ower ultra-violet) they slope down to the left. This method 
of studying dispersion was first used by Puccianti in his 
study of the vapours in metallic arcs. It has the advantage 
of giving us a photographic record of the retardations or 
accelerations, as we may for convenience term them, of 
waves of various lengths in the vicinity of absorption bands. 
In the present case we are dealing with a single absorption 
band only, the 2536 line of mercury, which fortunately falls 
in the middle of a group of strong iron lines. When mercury 
vapour is formed in the quartz ‘tube, the fringe systems in 
the various iron lines are shifted by different amounts, and in 
different directions. A photograph of the iron spectrum in 
coincidence with that of the quartz mercury arc, in the 
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region under investigation, is reproduced on Pl. III. tig. 7. 
The mercury line which gives rise to the selective dispersion 
is indicated by a long arrow, and the fainter companion line 
which borders it on the short wave-length side by a short 
one. Curiously enough, this faint companion line does not 
show any evidence of its existence in the absorption spectrum, 
though there is a faint absorption line on the other side of 
the main line at about the same distance from it, which I 
have found represented by a bright line in the fluorescence 
spectrum of the vapour excited by the light of the cadmium 
spark. A photograph of this spectrum will be found in the 
second edition of my ‘ Physical Optics,’ on p. 580, in which 
the 2536 fluorescent line will be seen to be accompanied by 
a faint companion on the long wave-length side. The 
negative, of which fig. 7 is a sixfold enlargement, was made 
with a large quartz spectrograph by Fuess, which was placed 
at my disposal by Professor Trowbridge, of Princeton Uni- 
versity. It has lost much in the process of enlarging, for on 
the original the iron line immediately to the right of the 
mereury line is a beautifully resolved double line. The 
wave-lengths of the two mercury lines were measured with 
reference to Rowland’s values given for the iron lines, the 
main line being 2536°5, and the faint companion 2534°8. 
The wave-lengths of the iron lines immediately to the left 
and right of the main mercury line, which are the lines in 
which the greatest displacement of the interference fringes 
occur, are 2535°6 and 2536°9. Inasmuch as the mercury 
line is much nearer the latter, it is in this line that we should 
expect to observe the greatest displacement of the fringes, 
for a given vapour density. Over 100 plates were exposed 
with the tube at various temperatures between 23° and 60°. 
It was found impossible to work at higher temperatures, for 
the fringes became very indistinct in the vicinity of the 
absorption line. This results from the circumstance that one 
of the interfering beams is weakened by absorption, and 
interference then takes place between two beams of unequal 
intensity : moreover it was more difficult to hold the tempe- 
rature constant during the time of exposure at the higher 
temperatures. The pictures are scarcely suitable for repro- 
duction as they were made with a small quartz spectro zraph, 
the only instrument at my disposal, nevertheless t! e five 
enlargements produced on Pl. III. fig. 10 will serve to give 
a general idea of the distortion of the interference fringes in 
the vicinity of the 2536 mercury line. The temperature of 
the mercury dispersion tube is recorded on each photograph. 
The position of the mercury 2536 line is indicated on the 
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first picture by an ink mark. On some of the plates there 
was an indication of a slight displacement of the fringes in 
the iron line immediately to the right of the mercury line 
even at room temperature (23°). It is very slight however, 
certainly not more than 0-1 of a fringe width. At 35° the 
displacement becomes very noticeable, “amounting to about a 
quarter of a fringe width. At this temper ature the pressure 
o£ the mercury vapour is 0°0004 mm. or four times the 
pressure which it has at room temperature. The length of 
the quartz dispersion tube being ten centimetres we can 
definitely state that light of wave-length 0-4 of an Angstrom 
unit longer than that of the absorption line is retarded 0°25 
of a wave-length in traversing a column of the vapour 
20 em. in length (since the light traverses the tube twice). 
It was expected that the fringe shifts would increase pro- 
portionally with the vapour pressure, but this was found not 
to be the case, for at a temperature of 58°, at which the 
pressure is 0°0215 mm., or five times as great as at 35°, the 
displacement of the fringes in this same iron line is only 0°6 
of a fringe width, whereas if the retardation was proportional 
to the pressure we should expect a displacement of 1:25 
fringe widths. It was thought at first that a mistake might 
have been made in the identification of the fringe under 

observation, and that the displacement might be 1° 6 imetend 
of 0:6, but an examination of a very large number of photo- 
eraphs taken at intermediate temper atures showed that no 
error had been made. ‘The displacements of the fringes in 
the various iron lines for the vapour at different temperatures 
were measured as carefully as possible on the dividing- 
engine, and are given in the following table. The wave- 
lengths are as follows :-— 


ron - limey INO, soc 4 eu oe ee 2535'6 
Wier coaty: emer jie ie ee cay alae — 2536°5 
iron MinewNovZ2 ress oe rere 2536°9 
fron (nmeaNiovgs ® tes a Oe ee 2539-0 


SHIFT IN FRINGE WIDTHS. 


Temp. |. Pressure, mm. Nowe No. 2. 7 No. 3. 
32 00031 0-16 0:25 a 
Aa) 0:0062 0:25 0°34 — 
45 0:0086 0°30 0°40 O-ll 
50 0-0122 0-40 0°55 0:18 


a8 00215 0:50 0°65 0:25 
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It is clear from this table that the refractivity of the 
vapour, or rather that part of it due to the absorption line in 
question, does not increase in proportion to the vapour 
density. It appears therefore very doubtful whether this 
absorption line is due to the normal mercury molecule. We 
may call it the dispersing molecule, which may either be an 
atomic complex, or a molecule in a state of ionization, and it 
seems probable that these exist in small numbers in compa- 
rison with the normal molecules. Atall events the percentage 
of molecules in this condition is less as the vapour pressure 
increases, for, as the table shows, a sevenfold increase in 
pressure only triples the action on the wave velocity for 
Line No. 1, and scarcely more than doubles it for Line 
Now?, 

I feel a little disappointed with the results as a whole, as I 
had hoped to secure records over a much wider temperature 
range, dealing with shifts amounting to many fringe widths, 
but this appeared to be impossible with the arrangement of 
apparatus adopted. Itisa great pity that we do not have 
some method intermediate in point of sensitiveness between 
the interference methods and the prism. It is doubttul 
whether reliable results could be obtained with a prism of 
mereury vapour, since we should have to use one witli a baze 
of 20 cm. to obtain a retardation of half a wave-length across 
the entire wave-front at a temperature of 58°. I have, how- 
ever, obtained fairly good photographs of the selective 
dispersion at the 2536 line by employing a long tube of steel 
similar to the ones used with sodium, but as we are dealing 
in this case with non-homogeneous vapour, the method is 
wholly unsuitable for quantitative measurements. The 
results given in this paper, while not as satisfactory as I had 
hoped for, appear to me to be of some interest in that they 
have pretty clearly established the fact that not all of the 
molecules are concerned in the dispersion, and consequently 
in the absorption. Some time during the coming winter J 
plan to investigate the absorption of the vapour quantitatively 
at different pressures and densities. The results obtained in 
the study of the dispersion would lead us to expect that with 
a given amount of mercury vapour we should have more 
powerful absorption as we reduced the pressure, which is 
precisely the opposite of what is usually observed. The very 
homogeneous light from the resonance lump, described in my 
paper on the selective scattering &c. of resonating gas 
molecules (Phil. Mag. 1912, vol. xxiii.) will greatly facilitate 
this study. 
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[ Plate ITI. | 
N the autumn of 1910 H. Rubens and R. W. Wood suc- 


ceeded in isolating and measuring the longest heat-waves 
known at the time, by a method based on the circumstance 
that the refractive index of quartz is much higher for these 
waves than for light-waves and the shorter heat-waves. 
A deseription of the method, which may be termed “ focal 
isolation,” will be found in my ‘ Physical Optics,’ 2nd edition 
(1912); also Phil. Mag. Feb.1911. The waves were emitted 
from a Welsbach mantle and had a wave-length of over one- 
tenth of a millimetre (112 yw), and Rubens and von Baeyer 
subsequently obtained by the same method waves of greater 
length (0°3 mm.)from the quartz-mercury arc. As the shortest 
electric waves obtained by von Baeyer have a length of about 
2 mm., it will be seen that the gap between the electric and 
optical spectrum is very nearly filled up. 

The very great length of these heat-waves makes it 
possible to try experiments analogous to the experiments 
made by various investigators on the action of metallic 
resonators on electromagnetic waves. I have already com- 
menced an investigation of this subject, and the results 
obtained up to the present time will be reported in this 
paper. 

The first experiments were made with very minute particles 
of metallic copper deposited on quartz plates. The metal can 
be obtained from the chemists in the form of a very fine 
powder, and if some of this is violently shaken in a tall glass 
jar, the finest particles remain suspended in the air. If the 
jar is then inverted over the quartz plate, and allowed co 
stand for a few minutes, a beautifully regular deposit settles 
on the plate. Treating the plate to the process four or five 
times builds up a deposit which is almost opaque to light, 
the slight amount which struggles through being of a greenish 
colour. To my surprise I found that even these very heavy 
deposits, which by actual measurement transmitted only two 
or three per cent. of visible light, were perfectly transparent 
to the long heat-waves. The same amount of metal, in fact 
a much less quantity, in the form of a uniform film would be 
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absolutely opaque to the heat-waves, for we know that the 
reflecting power of a metal is practically 100 per cent. for all 
waves longer than about 10. The same thing is true of 
carbon deposits. When studying the transmission of the 
waves through various substances in collaboration with 
Rubens, it was found that a deposit of smoke on a quartz 
plate, so dense that the Welsbach mantle was invisible 
through it, transmitted over 95 per cent. of the heat radia- 
tion. It seemed of interest to ascertain the relation existing 
between the transparency of a layer of metallic particles, and 
the size of the particles, in other words, to carry out experi- 
ments analogous to those on the action of tinfoil strips of 
various size (mounted on glass) on electromagnetic waves. 
Various methods may be used for the preparation of the 
resonator plates. We may deposit a film of the metal on a 
quartz plate and then rule it into small squares or rectangles 
with a diamond point, on a dividing-engine. This method 
was tried over fifteen years ago by Rubens and Nichols ; 
much shorter heat-waves were then available (12), and 
though the experiments appeared to indicate electromagnetic 
resonance, they were not as satisfying as was to be desired. 

Another method is to prepare metal particles of uniform 
size and deposit these over the quartz surface. 

This was the method first adopted in the present case. [ 
first tried blowing a fusible alloy into a fine spray with an 
atomizer (the method used by Professor Millikan and his 
colleagues). 

Very perfect spherical droplets can be obtained in this way, 
but difficulties were found in sorting them out into groups of 
uniform size of particles, and in depositing them (after 
sorting) with any regularity of distribution. 1t then occurred 
to me to condense a metallic vapour on the quartz plates in 
the form of a “dew.” This method worked admirably. A 
small quantity of mercury was heated in a beaker, and the 
quartz plate suspended in a horizontal position about 2 cm. 
above the surface of the metal. Very regular deposits were 
obtained in this way, the size of the globules varying with 
the duration of the exposure of the plate to the metallic 
fumes. 

Photographs of the deposits taken with a microscope are 
reproduced on Pl. III. figs. 1 to 6 inclusive. A photograph 
of a “stage micrometer” scale is reproduced immediately 
below the figures. One division on this scale corresponds to 
0-Olinm. As is apparent from the photographs, the diameters 
of the drops of a given deposit are fairly constant and their 
distribution is pretty regular. 
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The diameters are as follows on the plates photographed : 
me. 1009, mm.) te 2 (GOI min.), fig. 3 (02 to :03 mm.), 
fis. 4 (03 to *04 mm.), HO) (05. mm.), fig.6 (OGvEe 
"08 mm.). Thus the smallest particles used had a diameter 
equal to about 1/20 of a wave-length, and the largest 2/3 of 
a wave-length. The transmission of each plate of resonators 
was compared with that of a clean plate of quartz of the same 
thickness, for radiation of wave-length 1 w, and the 1124 
waves obtained by focal isolation. ‘Ihe transmission of the 
lw waves gives us a rough measure of the ratio of the 
covered to the uncovered portion of the surface, for the metal 
droplets act merely as opaque obstacles for these very short 
heat-waves. The observations were made with Dr. Pfund’s 
infra-red spectrometer, which he kindly placed at my dis- 
posal. The transmission of the 112 w waves was measured 
with a radiomicrometer of the same type as the one used in 
the experiments carried out in collaboration with Professor 
Rubens. The instrument was made for me by Herr Obst, 
the mechanician of the Berlin Physical Institute, but as it 
arrived with the thermo-electric Junction damaged it was 
fitted up with a much lighter junction, which Dr. Pfund 
made for me, with perhaps 1/10 of the heat capacity of the 
original one. It proved far more sensitive than the one used 
in the earlier work, giving about double the deflexion for 
the same period, with the 112 ~ waves obtained under 
identical conditions. The transmissions of a number of 

resonator plates are given in the following table :— 


Percentage Percentage 
transmitted of transmitted of . Diameter of 

RadiationA=1yp. RadiationX=112y. Spheres. 
Fig. 1. 45 100 "005 mm. 
Fig. 2. 26 95 ‘Ol 
Fig. 3. 32 82 02—03 
Fig. 4, 45 58 03-04 
Fig. 5. 26 50 05 
Fig. 6. 30 27 "07—08 


This table shows us that the droplets have no effect on the 
very long heat-waves until their diameter exceeds about 1/10 
ofa wave-length. When the diameter is about 7A, asin fig. 4, 
the transmission is not much greater for sie rie waves 
than for the short ones. For the case shown in fio. 5 we 
have slightly larger spheres packed much closer together 
however, so that we have only 26 per cent. transmission for 
short waves ; even now 60 per cent. of the energy of the 
112 w radiation is passed by the plate. Ona further increase 
of size, fig. 6, the transmission is about the same for both 
wave-lengths. 
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It appears to me to be worthy of remark that in no case is 
the opacity of the resonator plate greater for the long waves 
than for the short, in other words, each sphere is able to stop 
only that portion of the energy of the wave-front which falls 
upon it, in other words it does not drain the region sur- 
rounding it. This rather surprised me, for I had expected to 
find that with spheres of a certain size we should have 
moderate transparency for short waves and absolute opacity 
for the long ones. 

I have been unable to find any investigation, either 
theoretical or experimental, of the action of spherical metal 
obstacles arranged in close proximity, upon electromagnetic 
waves, so that there is nothing with which to compare these 
results at the present time. 

Investigations have, however, been made with linear rect- 
angular resonators, and I accordingly commenced experi- 
menting with these. Silver was deposited on quartz and 
ruled into small squares with a dividing-engine, but I found 
that the film was quite as opaque to the 112 uw waves after the 
cross ruling, as before, though the size of the squares was less 
than 1/10 of the wave-length. A photograph of the film 
with one set of rulings is reproduced on PI. III. fig. 8. 
This I have alluded to in a previous paper on Electron Atmo- 
spheres of Metals (Phil. Mag. Aug. 1912). It was found that 
the ruling had not altered the conductivity of the film, though 
the microscope indicated that the diamond had cut clear 
through the silver down to the quartz. If the conductivity 
is not affected we should not expect the opacity of the films 
to be decreased. The question as to why the conductivity 
is not affected was discussed in the previous paper. In order 
to obtain satisfactory results with resonators prepared in this 
way, it will be necessary to devise a way of making wider 
cuts, and leaving less metal between them, and experiments 
in this direction are now in progress. 


XLVIIL. The Satellites ofthe Mercury Lines. By R.W. Woon, 
Professor of Experimental Physics, Johns Hopkins University, 


_and Adams Research Fellow of Columbia University *. 


i} [Plate IV.] 


TEXHERE have been many discrepancies among the obser- 

vations, made by different observers, of the structure of 
the mercury lines, and even at the present time, with all of 
the work which has been done with echelons and interference 
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plates, it is difficult to say positively just what is the actual 
structure of the lines. This is due in part to the circumstance 
that, with the most powerful echelons, the distance between 
the successive orders is less than the width of the group of 
satellite lines under observation, and in part to the ghosts and 
false lines which many instruments show. An excellent 
summary, with charts of the observations made by different 
observers, will be found in a paper by Gale and Lemon in 
the ‘ Astrophysical Journal’ for Jan. 1910. The authors of 
this paper made a series of photographs of the mercury lines 
with a large Michelson grating, and though these photo- 
graphs do not show as much fine structure as has been found 
by observers working with echelons, they are more con- 
vineing than any photographs which have been published, so 
far as I know. 

Having recently installed at my East Hampton laboratory 
a plane grating outfit of 42 feet focal length, for the study 
of the iodine absorption spectrum, and as it appeared that this 
instrument was far more powerful than the one employed by 
Gale and Lemon, it seemed worth while to make a study 
of the structure of the lines as shown under the enormous 
resolving power of this instrument. 

It was found feasible to photograph the blue mercury line 
(4359) in the fifth order spectrum, for which the resolving 
power is 375,000 or about that of a large echelon. The 
green line and the two yellow lines were photographed in 
the fourth erder, for which the resolving power was 300,000.. 
That the grating actually yielded its full theoretical resolving 
power was amply proved in the study of the absorption 
spectrum of iodine vapour. 

A description of the grating and the method of mounting 
will be found ina previous paper (Phil. Mag. 1912, vol. xxiv. 
p. 673), and I need only state in the present paper thatit wasa 
very excellent plane grating ruled by Dr. Anderson on the 
15,000 machine, ruled surface 33 x 5 inches (or 75,000 lines in 
all) mounted in the Littrow form behind a six-inch achromatic 
lens, kindly placed at my disposal by Professor Campbell of 
the Lick Observatory. The focal length of the instrument 
was double that of the one used by Gale and Lemon, and the 
resolving power of the grating was certainly three times as 
great as theirs, as will be seen from a comparison of the 
photographs which accompany this paper with theirs (fig. 4 
of Pl. IV. in particular). 

The source of light was a Cooper-Hewitt mercury arc, used 
“end-on.” The use of the tube in this position materially 
shortens the exposure, without giving rise to any reversal 
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effects so far as I can see, though the relative intensities of 
some of the satellite lines appears to be a little different from 
that which obtains when the light is taken from the side of 
the tube. This is of course due to what we may term the 
first stage of reversal, certain satellite lines being weakened 
by absorption more than others, the phenomenon being 
analogous to one which I mentioned some years ago, namely 
that a hydrogen tube appears red when viewed from the side, 
and bluish white when seen end-on (Phys. Zeitschrift, 1906, 
p- 926). The time of exposure varied from 30 minutes to an 
hour, which compares favourably with the time required with 
large echelons. 

The last paper on the structure of the mercury lines which 
I have been able to find is that of Lunelund (Annalen der 
Physik, xxxiv. p. 505, 1911), and as comparative tables of the 
observations made by all previous observers are given in this 
paper, I shall make no otherreferences. From a comparison 
of these tables with the photographs obtained with the 
grating one cannot but help feeling grave doubts about 
accepting the results yielded by the echelon or interference 
plate until they have been checked up with a grating, except 
in special cases. ‘This is especially so in the cases where the 
width of the group of satellite lines is greater than the dis- 
tance between the spectra of adjacent orders, which is often 
the case. 

It is customary to give the positions of the satellite lines 
to the right and left of what is called the main line, in terms 
of + and — fractions of an Angstrom Unit. Some am- 
biguity results from this owing to the circumstance that 
different observers do not always choose the same point for 
the main line ; as for instance in cases where the main line 
is a doublet, an observer working with an instrument in- 
capable of resolving it would choose its centre of gravity as 
his zero point, while an observer who resolved the line would 
choose the stronger component. An example of this will be 
found in the case of my results on the 4359 line. 

My own study of the lines was made at the end of the 
summer, just before the closing up of my laboratory, with a 
view of determining whether any new data of value could be 
obtained. At the time I was unable to refer to any of the 
previous papers on the subject, and consequently was unable 
to make a further study of the discrepancies which were 
found as soon as comparisons were made. Nextsummer it is 
my plan to place the spectrograph in an underground tunnel, 
and secure a larger grating if possible, for the results obtained 
already indicate that but very little further improvement will 
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make the instrument equal in resolving power that of the 
largest interference spectroscope, and at the same time fur- 
nish results about which there will be no ambiguity. We 
will now consider the results obtained in the case of the four 
lines which I have already investigated. 


Toe 5769 YELLow LINE. 


A photograph of this line made in the fourth order is 
reproduced in fig. 1 (PI. LV.). Ihave indicated the middle of 
the main line in each case with an ink dot. The positions of 
the satellites are as follows :— | 

+042 

O Main line. 
—'055 
—112 

An inspection of the photograph is sufficient to convince us 
that all of these satellites are real, and yet the one to the left 
(-112) was missed by Gale and Lemon, as well as by all of the 
other observers except Lunelund, who gives it the same value 
(112), and Janicki, who placed it at-113. Nagaoka records 
a satellite at —°109, which may be identified with it, but his 
photographs indicate the presence of so many false lines and 
vhosts that it is difficult to be very sure of anything. JI 
cannot understand why the Michelson grating failed to record — 
it, though, as I have already stated, the use of the tube 
“end-on ” intensifies many of the fainter companion lines. 
Lunelund’s other values agree very well with those given 
above, though I find no trace whatever of the satellites 
+°084 and +:121, which he regards as probably real. He 
gives their intensities as about one-half that of the one 
at —'112; yet the most careful scrutiny of my photograph 
fails to reveal the slightest trace of them, though —-112 is fully 
four times as black as the minimum visible on a photographie 
plate. I feel therefore quite certain that these satellites are 
spurlous. 


THe 5790 YeLtow LINE. 


This line is shown by fig. 2 (PI. IV.), and the satellites 
are as follows :— 


Main line. 


and two lines at —°944 and —1:007. 
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About these last two there is absolutely no question. 
Gale and Lemon found them, and I have repeatedly seen 
them as a single line very close to the main line with a 
low-power spectroscope (plane grating and lens of 1-metre 
focus). I never regarded this companion line of the yellow 
line as a satellite, and was surprised to find it so close to the 
satellite group with the +2-foot spectrograph. There is on 
the plate perhaps a faint suggestion of the satellite at 
+082, but I should want to take another photograph with 
a longer exposure before being sure of it. No trace appears 
of the fainter components given by Lunelund, and I am | 
surprised to find that he does not include the close pair well 
to the left of the group in his list of lines the existence of 
which is established, for the photograph published by Gale 
and Lemon established their reality beyond question. 


THE 5461 GREEN LINE. 


The spectrograph was not giving its best definition on the 
evening on which this photograph was taken, on account of a 
high wind, and the resolution is no better than the one made 
by Gale and Lemon. I have only to record the discovery of 
a broad faint band on the short wave-length side of the 
satellite at —°233. The edges of the band are at —°327 and 
— 414. Itis very distinct on the original plate, but has lost 
much in the process of enlargement, and as it may vanish 
entirely in the reproduction I have retouched it in the upper 
half of the picture (fig. 3, Pl. IV.). No trace of this has 
been found by any previous observer, but there is no doubt 
about its existence. 


THE 4359 Viotet LINE. 


This line was photographed in both the fourth and fifth 
orders. The fourth order showed the middle line double, 
a sharp narrow line to the left and a broad one to the right. 
The fifth order divided the broad component into two, the 
middle line being resolved into a triplet. I believe that it 
is still more complex. This photograph is reproduced in 
fig. 4 (Pl. IV.), print a being made darker than 6 to bring 
out the division of the middle line. The superior resolving 
power of the grating is well shown by comparing this 
picture with the one made by Gale and Lemon. I suspect 
that some of their trouble arose from vibrations and striz ~ 
due to air currents, for their photograph made in the fifth 
order does not appear to show any greater resolving |power 
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than the one made in the third. The positions of the 
satellites are as follows :— 


+:212 Faint: not shown on print, and never observed 
+ V68ie [ previously. 
+130 
+091 

_ +:029 

0 Main line. 

— 034 
— lll 
— +124 
— ‘174 


LIED 
af ey) Very faint and never observed previously. 


} Barely resolved. 


These values agree well with the ones found by Gale and 
Lemon, though we have not taken the main line at the same 
point, which results in a slight shift of the one set of 
readings with respect to the other. I consider the position 
of the main line which I have taken to be the correct one, 
for the middle line (triplet) is clearly resolved and the 
central component is by far the brightest. Gale and Lemon 
evidently took the left-hand component, but there is scarcely 
any trace of resolution in their photograph. 

The satellite +°168, which is the narrow bright one to the 
right in my photographs, was found by von Baeyer (given 
as +:'188) but was not found by Janicki, Galitzin, or 
Lunelund, which is sufficient evidence that the interference 
spectroscopes are not very reliable. 

The resolving power of the best ones is only a very little 
ereater than that of the grating with which I have worked, 
and in my opinion they can only be used to advantage for a 
supplementary study of the groups of satellite lines after 
the chief features of the group have been ascertained with 
the grating. 

It is my opinion that the four photographs reproduced 
with this paper furnish the most reliable information re- 
garding the structure of these mercury lines which we have 
at the present time. 

The placing of the large spectrograph in an underground 
tunnel will improve its performance, I am sure, as I always 
found some trouble from striz (“schlieren ”’) stirred up by 
air-draughts down the long tube. It is my hope also that a 
somewhat larger grating may be available by that time. 


Note added Feb. 10.—Prof. Hale has just sent me a photo- 
graph of the iodine absorption spectrum made with one of 
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Prof. Michelson’s gratings, in their 75-foot spectrograph 
(Tower telescope), which is superior to those which I made 
at EH. Hampton. Prof. Michelson’s grating shows even more 
than full theoretical resolving power, and is superior to the 
one with which my work was done. 


XLVIII. On the Imprisonment of Radiation by Total Reflexion. 
By R. W. Woon, Professor of Experimental Phystes, 
Johns Hopkins University, and Adams Research Fellow of 
Columbia University ™. 


M* attention was recently drawn to a somewhat surprising 
circumstance in connexion with fluorescence by 
Dr. Cooper Hewitt. As is well known, he has now perfected 
his rhodamine fluorescent reflectors for the mercury are to 
such a point that the red fluorescent radiation, plus the direct 
light of the are, makes a fairly good imitation of daylight. 
He found that if the celluloid film stained with rhodamine 
was backed by white paper the fluorescence was many times 
brighter than when a backing of silver paper was used. 
I verified the matter by depositing silver chemically over a 
small circular area in the centre of a white porcelain plate, 
and flowing the whole with the rhodamine solution, or with 
water containing a little fluorescein. Notwithstanding the 
very high reflecting power of the polished silver film, the 
intensity of the fluorescence over the circular area was so feeble 
that it appeared almost black in contrast with the brilliant 
fluorescence displayed over the surface of the porcelain. 
The plate was illuminated with the mercury arc in the case 
of the rhodamine, or with that of the carbon arc, passed 
through dense cobalt glass in the case of the fluorescein, the 
experiment being well suited for lecture purposes. If we 
strip off the coloured celluloid film from the porcelain plate 
we find its fluorescence becomes even less brilliant than thai 
of the portion backed by silver. The action of the white 
porcelain surface in raising the intensity of the fluorescence 
of the film covering it appeared a little puzzling at first. 
It was noticed, however, that the films which had been 
stripped from the surface glowed brilliantly along the edges, 
and this circumstance gave me the clue to the action of the 
matt reflecting surface. The greater luminosity of the edges 
was evidently due to the circumstance that more radiation 
was able to escape here than through an equal area of the 
surface of the film. The action of the matt surface will be 


* Communicated by the Author. 
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clear from reference to fig. 1,in which AB represents the 
upper, and CD the lower surface of a celluloid film stained 


with rhodamine. Let X represent a fluorescent molecule 
from which radiation of equal intensity escapes in all 
‘directions. Of all the rays leaving X it is clear that only 
ithose within the solid cones HXF and GXH can escape into 
the air. The rays within the cones FXH and EXG are 
‘imprisoned by total internal reflexion, the ray XJ for 
example being reflected back and forth between the parallel 
surfaces of the film. Silvering the lower surface will cause 
the rays in the cone GXH to escape through the upper 
surface, but will not affect the paths of the other rays. If 
now we bring a white matt surface into optical contact with 
ithe lower surface of the film, it will liberate all of the rays 
which were totally reflected. Take the ray XJ for example: 
ait is diffusely reflected at K, and that portion of the energy 
within a cone of the same aperture as that of the cone HXF 
escapes through the upper surface. The rest is totally 
reflected from the upper surface, and returned to the white 
‘surface, when the process is repeated, all of the energy, 
except that lost by absorption, eventually passing out through 
the upper surface. The action of the matt surface liberates 
the energy imprisoned by internal reflexion. If there were 
no absorption the edges would appear of dazzling brilliancy, 
as all of the imprisoned energy would be thrown out here. 
The greater brilliancy of the edges of a fluorescent film was 
utilized by Becquerel in observing the faint luminosity of 
certain compounds of uranium, and by Greinacher in the 
«ase of the fluorescence of mica films caused by radio- 
tellurium (Phys. Zeit. 1906). 

We may test the above theory of the action of a matt 
surface in increasing the brilliancy of the fluorescence by 
making photometric measurements. ‘The ratio of the energy 
within the two cones of rays which can escape without the 
aid of the matt surface, to the energy imprisoned by reflexion, 
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is represented by 
1—cos 0 


eos @ ’ 


which is the ratio of the area on a sphere described around 
the luminous molecule, cut out by the cone of rays EXF, 
to the area of the hemisphere minus this portion. For celluloid 
the critical angle is about 40°, 2. e., @2=40° and 


1—cos 0 ae 
cos 0 
in other words, the imprisoned energy is about three times 
greater than the energy which escapes. Its liberation by 
the matt surface should therefore give us about fourfold 
increase in luminosity. This point was tested with the 
photometer. As a standard source a rhodamine screen 
(matt) illuminated by the light of the mercury are was used, 
its light being passed through two Nicol prisms by which its 
intensity could be varied by a known amount. It was 
compared with a rhodamine film in part covering white 
porcelain, and in part highly polished silver. The photo- 
meter used was a very simple but very satisfactory one made 
by Dr. Pfund, a semicircle of silvered glass taking the place 
of a Lummer-Brodhun prism. Equality of luminosity of 
the two fields of the instrument, with disappearance of the 
dividing line, was secured in the two cases with the nicols 
rotated 11° and 22° trom the position of extinction. Which 
means that the rhodamine film on porcelain is 3°8 times 
brighter than the one on silver, which is in good agreement 
with the calculated value (4). In making the observations 
a red glass was placed in front of the photometer to exclude 
everything except the fluorescent light. (White porcelain 
alone, illuminated by the mercury arc, appeared practically 
black when viewed thr ough the red glass.) On completing 
the work it occurred to me that the case was similar to the 
one to which I drew attention several years ago, namely that 
a fused bead of microcosmic salt, raised to the highest tempera- 
ture possible with a blast-lamp, emits little or no light when 
removed from the flame, though the platinum wire supporting 
it glows vividly. This is of course a fine case of the failure 
of a transparent body to radiate, which is what Kirchhoft’s 
law demands. But as the bead cools down it solidifies and 
numerous cleavage planes appear. At the moment of 
crystallization it glows with a dull red light, which persists 
for several seconds. I found difficulty in explaining this 
(see Phys. Optics, 2nd edition, page 598), but a suggestion 
2 2 
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made by Prof. C. HE. Mendenhall certainly gives us a satis- 
factory hypothesis, though there still remain some points 
which are not quite clear to me. Professor Mendenhall 
considered that the action of the cleavage planes was merely 
that they interfered with the imprisonment of radiation by 
total reflexion. All rays originating within the ball which 
strike the surface at an angle greater than the critical angle 
are reflected around the inner surface over and over again, 
so that they eventually may be considered as having traversed 
a layer of the medium of infinite thickness. If the medium 
has any absorption at all, and no media are perfectly trans- 
parent, this radiation will be of the same type as that of a 
black body at the same temperature. Scratches on the 
surface or internal cleavage planes liberate this energy by 
interfering with the total reflexion. 

Professor Mendenhall has suggested that I include some 
of his observations in the present paper. 

He writes me that he made a scratch on the surface of a 
ball of fused quartz, which was then heated in a Bunsen 
burner. The black-body temperature of the scratch, as 
observed with an optical pyrometer, was 850° C., while that 
of the rest of the ball was barely 600° C. 

From similar considerations he concludes that a uniformly 
heated, nearly transparent sphere should appear more 
luminous towards the limb. (A solid incandescent sphere 
- appears as a uniformly illuminated disk, as a result of the 
cosine law.) I have verified this with a hollow glass bulb 
filled with a very dilute solution of rhodamine, illuminated 
by the mercury are and viewed through red glass. If a spot 
on the surface of the bulb is finely ground with flour emery, 
this spot appears extremely luminous when near the limb, 
asa result of the liberation of the fluorescent rays which 
are undergoing total internal reflexion. The bulb appears 
slightly more luminous at the limb, even when the surface is 
not roughened. I have observed the same thing in films of 
celluloid stained with rhodamine, which appear much more 
luminous when viewed obliquely, at nearly the angle of 
grazing emergence, than when observed by rays which leave 
the surface nearly parallel to the normal. 

In regard to the microcosmic bead, I am now of the opinion 
that most of the light comes from the hot wire. It is difficult 
to devise a means of supporting a fused bead on a non- 
luminous support ; but I have watched their fall from the fifth 
floor of the laboratory at night, and have found no evidence 
of any brightening during the drop of five stories. 


Leesan 


XLIX. Temperature uf the Cathode and Anode in a Geissler 
Tube. By B. Hopveson, M.Se., Ph.D., Assistant Lecturer 


in Physics, «he University, Bristol *. 


wl: Wee working on gas-absorption and cathode 

disintegration in vacuum-tubes, the possibility 
suggested itself that the temperature of the cathode might 
play some important part in the phenomena. The following 
experiments were undertaken to investigate the temperature 
of the cathode under different conditions of current and gas 
pressure, other conditions determined by the tube used—as, 
for example, loss of heat by conduction, &.—remaining 
constant. Their chicf interest, however, lies in certain 
theoretical deductions. 


§ 2. Apparatus —A high tension 
battery giving 3200 volts supplied the 
current. The electrical circuit consisted 
of this battery, the vacuum-tube, a 
variable liquid resistance, and a gal- 
vanometer reading to 10-® amp. and 
\\ shunted for higher currents. A Gaede 
pump was used for evacuating. The 
vacuum-tube used was of the form 
shown in fig. 1. C is the cathode 
Fact Ame © shaped to fit closely into the tube T and 


= sealed in position by means of picéin. 
z H was a cavity drilled into the cathode 
as and of such a size as to hold the 


bulb of a thermometer. The tube T 
just passed inside a larger one D and 
the whole was made air-tight at D by 
means of picéin. The anode consisted 
of an aluminium disk EH. 

§ 3. The current was kept constant 
by means of the variable resistance, 
and the cathode ultimately took up a 
temperature at which the rate of supply 
of heat-energy by the bombarding 
positive ions was equal to the rate of cooling by radiation, 
conduction, and, to some extent, convection. 

§ 4. Results —The following tables and curves give the 
results of some experiments in air, oxygen, and carbon 


* Communicated by the Author. 
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dioxide. In the tables, zis the current in amps., and T the 
excess temperature of the cathode above air temperature. 


TABLE I.—Air. Ace iany Ace 
Pressure = 2°8 mm. Pressure = 1:0 mm. 
| i. T (°C.). | i. T(°C.). | 
0:00084 5:07 0:00067 505 
0:00127 9°35 0:00119 805 
0:00200 14:10 0:00155 10°20 
0 00230 16°45 0:00194 13°30 
| 000282 19°35 0:00220 15°75 
| 0:00295: | 20:10 0:00280 19:20 | 
Tasie 1 ).— Air. TABLE DV ie 
Pressure = 0°41 mm. Pressure ='0717 mame 
| é. T (°C.). 7 T (oO)! 
0 00015 0-80 0:00043 KG) 
0:00090 6°15 | 0:00058 4°85 
/ 900180 11:35 0-00082 6:65 
0:00195 13°30 0-00115 9:45 
0:00220 14°85 0:00183 16°30 
0:00230 16°00 0:00187 15°55 
0:00265 18:00 0:00210 19°55 


CRON BIRAIE: i Gis, NSE aS een 
TaBLE V.—Oxygen. 


Pressure=3°7 mm. 


Taste VI.—Oxygen. 
Pressure = 1°65 mm. 
i. | T (°C.). 


| i. T (°C.). 
0:00080 6°40 
0:00127 10°10 0:00085 6°70 
0-00175 13°40 0:00155 11:10 
0:00220 17°05 0:00215 [578 
0:00245 18°80 0:00265 19:15 
0:00250 19°50 
TaBLE VII.—Oxygen. TasLe VIII.—Oxygen. 
Pressure = 0°57 mm. Pressure = 0°20 mm. 
\DRieh an atin en ee PTT a ne Co 
| - T (°C.). i. T(°C.). | 
0:00057 39 0:00060 4:8 
0:00120 8'8 0:00125 10-2 
O:00185 Le 0:00180 15:0 
0:00225 . 16-2 0:00220 18:8 
0:00280 20°2 0:002380 19°55 


te 
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TABLE X.—Carbon dioxide. 


TABLE I1X.—Carbon dioxide. 
Pressure = 7°0 mm. 


000063 
0:00147 
0:00167 
0:00175 
0:00180 
0:00197 
0:00216 
9°00235 
0:00240 


T (°C.). 


6°30 
13°40 
16°75 
17°65 
17°55 
19°35 
18°55 
21-15 
23:15 


499 


Pressure = 1°9 mm. 


0:00135 
0:00205 
0:00247 
0:00272 


rere) 


10-1 
160 
18°8 
20°8 


TABLE X1I.—Carbon dioxide. 


Pressure = 0°30 nm. 


OF 


0°00057 
0:00100 
0:00160 
000260 


T (°C.). 


These results are shown in Curves I., IJ., and III. 
curves show that for the range of temperature obtained, a 
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linear relationship exists between the current and the tempera- 


ture of the cathode for all the gases. 


This is to be expected 


if the rate of cooling of the cathode is proportional to its 


excess temperature above that of the air. 


obtained showed that this was nearly so. 


The cooling curves. 
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There appears also to be some pressure at which the heating 
effect for constant current is a minimum. ‘This is shown in 


:003;— 


ane Oxygen 


“002 


00] 


JO /2 J/# le /8 20°C 


003 Curve la oop barton Ae gns3e. 
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Curve IV., where the temperature-pressure curve is given 
for a current of 0°002 amp. Sufficient points were not 
obtained, but further experiments are being carried out to 
fix it definitely for different gases. It was thought that the 
effect might be spurious owing to different rates of cooling 
of the cathode for different pressures ; but no change in the 
cooling rate was detected by experiment. It is possible that 
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this minimum coincides with that found by Ebert * at which 
a discontinuity occurs in the relationship between pressure 
and width of the dark space, and further experiments on this 
point are in progress. 


i 20°C Pao burve LV. | 


§ 5. Anode Temperature—By using the same electrode 
and reversing the current in the tube, the anode temperature 
could be investigated. 

The following tables show the results obtained. 


Toi OU Satie pie Oh Ae, 
Pressure = 2'7 mm. Pressure = 1:05 mm. 

i. T (°C,). i. T (°C.). 
0:0019 Deny 0:0036 34 
0:00388 4°80 0:0050 49 
0:0051 6°70 0:0074 6°8 
0:0065 9:00 0:0081 GD 
0:0071 9°35 


TABLE XI V.—Air. 


Pressure == 0°63 mm. 


i 


i. T (°C). 
| 

0:0013 1:5 

0-0024 2:8 

0-0052 4 


* Ebert, Ver. Deut. Phys. Ges. ii. p. 99 (1900). 
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These results are shown in curve V. There is, again, 2 
linear relationship between T and 7, but the anode tempera- 
ture is only about + that of the cathode for the same 
current. 
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The change in pressure produces much greater changes in 
temperature than in the case of the cathode. 

§ 6. The lack of definite knowledge of the mechanism of 
the discharge in the cathode dark space introduces diffi- 
culties in the way of theoretical discussion. 

If we assume the normal cathode fall to be the potential 
through which a positive ion must fall in order to gain 
sufficient energy to ionize the cathode metal *, the relative 
number of positive and negative carriers at the surface of 
the cathode can be found. 

The mass of the copper cathode was 135 grams, and the 
rate of cooling at 13°75 C. excess temperature (above air 
temperature) was 0°456 C. per minute. Thus the energy lost 
per second was 4"1 x 10° ergs ; and this quantity was supplied 
per second by the bombardment of the positive ions. If we 
now suppose that the majority of the positive ions originate 
just outside the cathode dark space, and that each ion on 
striking the cathode produces an electron, we have 

ne= 


&) ? 


bo] © 


where n is the number of positive ions striking the cathode 
* Stark, Winkelmann’s Hdbk. der Physik, Bd. iv. p. 516. 
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per second, e is the charge per ion (4°65 x 10° e.s.). This 
gives, for 2=0°00197 amp. (the current producing an excess 
temperature of 13°°5 C.) 
n= 6°36 X LO»; 
so that the mean energy given to the cathode per ion 
=O “10m? exo. 


Now the cathode fall of potential is insufficient to supply 
this energy. The cathode fall for copper in air is 252 volts”, 
which gives the ion passing through it only 


ore Ort Ore. 


This leads to the conclusion that all the positive ions do not 
ionize, and that there is an excess of positive over negative 
carriers taking part in the discharge. The electron leaving 
the cathode gains energy sufficient to lonize many times in 
passing through the cathode dark space, and the positive 
ions produced inside the cathode dark space will give up 
their energy wholly as heat. Recent experiments by Sir 
J.J. Thomson f indicate that ionization takes place inside 
the cathode dark space. Further, owing to collision, some 
of the positive ions originating outside the cathode dark 
space may lose energy by collision and also cease to be 
ionizers. 

Now if n positive ions reach the cathode per second and 
lonize, and m per second give up their energy to the cathode 
as heat, then 


e(2n+m)=i 
2n+-m =12°72~x 10". 


A minimum value for m can be found if we further 
assume that the n ions which ionize do not impart any heat 
energy to the cathode. If the average energy of the m 
earriers is H, then 

mH=41x10° ergs. 

Now HE is less than the energy gained by falling through 

the cathode fall (2. e. 252 volts), so ) that 


m> 1:04 x 1016 
and 
n<0'12 x 1016. 


Thus only 7/7, or 7/5 of the current at the surface of the 


cathode is carried by electrons. 


* Rotteardt, Ann. d. Phys. xxxiii. p. 1193 (1910). 
+t Sir J. J. Thomson, Phil Mag. August 1912, p. 225 
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These relations are true whether the cathode glow is 
normal or abnormal; for the linear relationship between 
current and temperature holds with both thege states. 

It might be argued that the mean ener of 6°73 x 0a 
ergs per ion was due to ions originating outside the cathode 
dark space and failing through a greater potential than 
252 volts. In order to gain this energy a fall of about 
400 volts is necessary, and since the potential gradient out- 
side the cathode dark space is considerably smaller, these 
ions would have to passa distance much greater than the 
width of the dark space to gain this energy. The frequency 
of collision in the comparatively high pressures used makes 
the acquisition of energy in this way very improbable. 

§ 7. In the case of the anode, lower temperatures prevail 
for the same current. A current of 0°0051 amp. produced 
an excess temperature of 6°°9 C. in air at 2°7 mm. pressure. 
At this temperature the loss of energy per second was 


19x 10° ergs. 

if each negative carrier ionizes, then 
= 1 Gx<cliOl, 

and the average energy per carrier is 
2x10 ere, 


corresponding to a fall of potential of about 80 volts, much 
greater than the anode fall of potential, which is about 
24 volts in air. 

If only a small fraction of the negative carriers ionize, 
then the negative ion must fall through about 40 volts in. 
order to account for the heating effect, and this potential 
drop is still greater than the anode fall. Thus though the 
cathede fall is able to account for the heat energy given to 
the cathode, the anode fall alone cannot do so for the 
anode. 

§ 8. Summary.—tl. There exists a linear relationship be- 
tween the current through a vacuum-tube and the heat 
energy communicated to the cathode both for normal and 
abnormal cathode glow. 

2. There exists a pressure at which this effect is a 
minimum. 

3. The ratio between the positive and negative carriers at 
the cathode is approximately 10:1. 

4. A linear relationship between current and heat energy 
exists at the anode—though for the same pressure and 
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eurrent the heat communicated is much less than in the case 
of the cathode. 

5. The anode fall alone is not able to account for the heat 
energy communicated to the anode. 

The above work was done in the physical laboratory of the 
University of Bristo], and I wish to record my thanks to 
Dr. A. M. Tyndall for placing at my disposal the necessary 


apparatus. 


Note.—Since the above paper was written it has come to the 
author’s notice that the result of Summary (1) was obtained 
by pea in a paper on cathode disintegration (Kon. Vet.- 
Akad. Fér. Stockholm, 1898, No. 16, p. 726). 


L. A Spectroscopic Study of the Electric Brush Discharge 
in Water and Salt Solutions. By Haroup Suiru, MW. Se., 
Research, Student of Armstrong College *. 


| [Plate V.] 
vy" HEN the various types of electrical discharge are 


made to occur under the surface of liquids, and the 
light examined with a spectroscope, it is found that the spectra 
emitted are of quite a different character from the spectra 
of the same discharges occurring in air. 

The electric are burning under liquids has been the subject 
of an investigation by Konen7{. He found that the lines. 
were sharper, fainter, and with fewer self-reversals than was. 
the case with the are in air. Moreover, he found that the 
nature of the surrounding liquid had no influence on metallic 
spectra, except in the case of very concentrated solutions of 
barium and calcium salts. In these two cases the strongest 
lines of barium and calcium appeared. 

The spark-discharge in liquids has been investigated by 
Wilsing f, Lockyer §, Hale ||, Konen+, and Finger §. It 
was found that the nature of the liquid had no effect upon 
the spectrum, except in the case of certain very concentrated 
salt solutions, just as with the are. Hale, using iron electrodes, 
also found that various salt solutions caused almost the whole 
of the iron spectrum to be reversed. 


* Communicated by Professor Stroud, D.Sc. 

+ Ann. der Phys. iv. 9. p. 742 (1902). 

{ Astrophys. Journ. x. p. 115 (1899). 

§ Proc. Roy. Soc. Ixx, p. 31 (1902): 

|| Astrophys. Journ. xv. p. 182 (1902). 

| Zeitschr. wiss. Phot. vil. pp. 829 and 369 (1909). 
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If the secondary of an induction-coil is connected to two 
electrodes immersed in a liquid, one electrode being a metal 
plate and the other a wire enclosed in glass with only the 
extreme end exposed, a luminous brush is obtained at this 
enclosed electrode. Konen (Jl. c.) examined this brush in 
various liquids and found that the nature of the poie did 
not affect the spectrum, while the nature of the liquid was 
all important. He examined this brush in a large number 
of liquids and weak solutions. Distilled water gave the D 
lines of sodium and the hydrogen lines, while weak solutions 
gave also the strongest lines of the metal of the dissolved 
salt. He looked for, but was unable to find, the lines of 
oxygen. He does not mention whether he observed both 
the spectra of hydrogen. Ether, aleohol, and glycerine 
gave the hydrogen lines and the Sean spectr um. Glycerine 
also gave the oxygen lines. Ammonia gave the D lines, 
the spectrum of hydrogen, and the ammonia bands. 

Konen’s observations were limited because they were 
visual only and because he was unable to produce a condensed 
brush. He found that the insertion of a condenser in parallel 
with the discharge cell destroyed the brush. 

This type of discharge seems to have received no attention 
since Konen’s account of it, and as it presents interesting 
features which are quite different from the are and the 

spark-discharge in liquids, the present research was under- 
taken to investigate it more fully. The brush and the 
capillary discharge, in distilled water and in a few weak 
salt solutions have been studied. 


Apparatus. 


A large induction-coil, the primary being fed with alter- 
nating current, was used to produce the discharge. The 
electrodes used for producing the brush were made from 
platinum wires of various diameters. These were sealed into 
glass tubes, the protruding end of each wire being filed off 
till the platinum was quite flush with the glass. The liquid 
cell in which the brush was produced contained one of these 
electrodes, the second electrode being a square inch of 
platinum foil (fig. 1). 

Another type of cell used was one in which the enclosed 
electrode was replaced by a tube made of fused silica. ‘Lhe 
part of the tube immersed in the liquid ended in a fine 
capillary. The tube was filled with the same liquid as that 


in which it was immersed, and either a platinum plate or a 
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wire was suspended in it to act as an electrode (fig. 2). In 
this case no visible discharge occurred at either electrode, 
but the capillary, if sufficiently fine, was rendered luminous 
by a high tension current. The volume of all the cells used 
in these experiments was 200 c.c. 


Fig. 1. Fig. 2. 


FLATINUM PLATE 
CAPILLARY 


| WYRE 
ELECTRODE 


In the case of distilled water and weak solutions it was 
possible to obtain a luminous discharge in either form of cell 
simply by connecting the electrodes to the secondary of the 
induction-coil. If the points protruded, or were too broad, 
or if the capillary was too wide, or the solution too strong, 
no luminous discharge occurred. 

The introduction of a spark-gap in series with the cell 
had no noticeable effect. The insertion of a condenser in 
parallel with the cell increased the luminosity in weak 
solutions and acids. If a spark-gap was now put in series 
with the cell the discharge increased in luminosity and 
violence. In this type of discharge the width of the point 
or capillary was of little importance. Even a protruding 
point yielded a brush with the condenser and spark-gap 
discharge ; the brush in this case confined itself chiefly to 
the extreme end of the wire, although it occasionally 
appeared at the junction of the platinum and the glass. In 
distilled water and very weak solutions the condensed brush 
was always feeble. It was brightest and most violent in 
fairly strong solutions. 

A mirror, rotated by hand, was used to observe changes 
occurring in the brush or capillary discharge. When no 
condenser or spark-gap was used it showed the discharge 
drawn out into long bands of light, separated by short dark 
spaces. Hach band corresponded to one-half alternation of 
the current, the dark spaces occurring when the current in 
the primary had reached its maximum or minimum value. 
The introduction of a condenser broke each of these bands 
up into a series of dots—generally about twenty. The 
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insertion of a spark-gap diminished the number of dots but 
increased their brightness. As the spark-gap was lengthened 
the dots in a series diminished still further in number till 
there was but one very brilliant one. The number of these 
dots in a series gave the number of times the condenser 
discharged through the brush per half alternation of the 
current. 

An image of the brush, or of the discharge in the capillary, 
was focussed upon the slit of a Hilger fixed-arm spectro- 
graph. The limits of the spectrum obtained lay between 
about A=6700 A and 7A=4200 A. Photographs were taken 
for different liquids, points and capillaries being used of 
various diameters. ‘The electrical conditions were varied as 
much as possible. The general arrangement of the apparatus 
is shown in fig. 3. 


SPARH-CGAP 


CONODENSE 
INDUCTION 


CO/L 
LLECTROSCOPE 


INDUCTANCE 


SLIT OF SPECTROGRAP AY 


i enue iar 


CONDENSING LENS 


DISCHARGE 
CLLL 


GALVANOMETER 


An attempt was made to correlate the results with the 
electrical conditions of the discharge. [or this purpose the 
current was measured with a type of hot-wire ammeter often 
used for high-frequency current measurements in wireless 
telegraphy. A single strand of very fine platinum wire was 
stretched across the junction of a copper-constantan thermo- 
couple made of very fine wires. The platinum wire was in 
series with the cell, the thermocouple in series with a suitable 
galvanometer. The heating effect of the platinum wire at 
the junction was sufficient to produce a current in the 
thermocouple cireuit which would give measurable deflexions 
on the galvanometer scale. The coil of the galvanometer 
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was connected to the outer case; this was found necessary 
in order to avoid electrostatic effects. 

The potential difference between the electrodes was mea- 
sured by means of an electroscope in parallel with the cell ; 
the electroscope being standardized by comparison with a 
Kelvin electrostatic voltmeter. No change in either current 
or potential difference was noticed when the platinum plate 
was moved close up to the brush, which shows that the 
potential difference measured was very little different from 
the actual potential drop through the brush. 

No great accuracy in these measurements was possible, 
however, owing to fluctuations in the electrical conditions. 
These were steadiest with the uncondensed discharge, and 
with the condensed discharge without aspark-gap. Readings 
taken every five minutes varied 2 or 3 per cent. from the 
mean value, but they were often constant for five or ten 
minutes. Fluctuations in the condensed discharges were often 
very large, the current dropping to a small value owing to 
arcing occurring at the spark-gap, which needed constant 
attention. 

Jt will be seen in the values given beside the photographs 
(Pl. V.), that while the current increases with the intensity 
of the discharge the potential difference generally falls. 
The fall in potential is of course only apparent as the sparks 
through the brush become less frequent, as the discharge 
becomes heavier. The fact noted, however, shows that the 
resistance of the liquid (which resides chiefly in the brush) 
is broken down most completely with the heaviest discharges. 


Character of the Discharge. 


The character of the discharge varies with the conditions 
under which it is produced. The following Tables (pp. 466 
& 468) summarise the main features. The reference to the 
spectrum of each type of discharge isalso given. Figs. 5, 6,7 
in text (p. 467) give representations of the various types of 
discharge referred to in Table I. They are magnified about 
twice. 

As regards the brush in distilled water, the current and 
potential difference fall as the water becomes hot, owing to the 
action of the discharge. Boiling water is almost kept boiling 
by the discharge, and the brush in this case is very feeble. 
The radical difference in the colour between the brush in 
cold distilled water, and the brush in the same water after it 
has been boiled and allowed to cool, is rather remarkable. 
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The bright blue colour of the brush in the first case is evidently 
due to the amount of continuous spectrum in the blue region 


Fig. 4. 


Wire electrode enclosed in BRUSH-DISCHARGE: Represents 
glass tube showing de- types A, B, C, & E, wich 
cayed point. differ only in extent and 

colour. 
Fig. 6. Fig. 7. 
BLUE 
OISCHARGE 
YELLOW DISCHARGE 
BRUSH-DISCHARGE: type D. BRUSH - DISCHARGE: type F, 

(Separation of bubble from (Enlarged drawing of a 

point a little exaggerated.) photograph.) 


from H, to H, (see Pl. V. fig. 6,a). In the case of type D,. 
which is produced without a condenser, the stationary 
bubble mentioned sometimes collapses, and gives place to a 
stream of much smaller bubbies, the discharge somewhat 
resembling type H. If this stationary bubble is examined! 
with a low-power microscope, it will be seen that it is. 
separated from the point by a short space. Occasionally a 
fine luminous streamer strikes out from the point across this: 
space, while at odd intervals the space is completely ruptured. 
When this occurs, the bubble collapses, and a discharge 
somewhat similar, to type E (Table I.) occurs. Inversion 
of the electrode does not: cause the bubble to float away. 
Consequently the point must hold it in its neighbourhood by 
electrical action (see fig. 6 in text). 

All the types of capillary discharge tend to become violent 
with long capillaries. The rotating mirror shows the dis-. 
charge under this condition drawn out into bands of light, 
each band headed by one or more bright streamers. 

The formation of the stationary bubble which forms at 
each end of a capillary immersed in a dilute acid or salt 
solution, is only possible where the capillary is short, not 
exceeding 2 mm. at most. 
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Observation of Spectra. 


The spectra I have observed in the brush and capillary 
discharge are those of :— 


Alydrogen.—Series spectrum, and many-lined or secondary 
spectrum. 

Oxygen.—Series spectrum, and many-lined or elementary- 
line spectrum. 

Electrode.—Spark lines of platinum. These were observed 
by Konen only in the condensed spark between two 
platinum poles. 

Solute.-—Complete spectrum, in visible part, of the metal. 

Impurities.—D lines, red and green doublets of sodium ; 
blue line (A=4227) and occasionally the red and 
green bands of calcium. 


Hydrogen. 

The lines H,, H,, H, of the series spectrum could nearly 
always be discerned. Both this spectrum and the secondary 
spectrum appear bestin distilled water or very weak solutions. 
In stronger solutions they are much feebler. This is best 
shown by comparing Pl. V. fig. 1, a & b with fig. 3, a & b. 
The insertion of a condenser has generally very little effect 
on the series spectrum, but when the spark-gap is opened 
the lines increase in brightness and begin to broaden. 
With the heaviest discharges the lines are very broad and 
bright, and a continuous spectrum stretches from the far 
violet to beyond H,. If we compare one of these photo- 
graphs, say fig. 4,d, with the spectrogram of:the brush in 
distilled water, fig. 6, b, we see how relatively feeble H, is in 
the former compared with the increased brilliancy of H,. 
Fig. 4, d and fig. 9 show this still better. 

The secondary spectrum of hydrogen decreases in inten- 
sity as the discharge increases. This is shown in the series of 
spectrograms, Pl. V. fig. 1, a, b, ¢, d, but best of all in the 
series fig. 5. As these lines always appear very faintly at 
the highest discharges, even in a series where they have not 
been apparent in the uncondensed discharge (see Pl. V. 
fig. 3), it would appear that they increase with the current 
at avery much slower rate than the series lines. The decrease 
shown in the photographs alluded to above is probably only 
apparent, and due to the falling off in the number of sparks 
per second. 

Comparing these results with the capillary discharge, we 
find that a fine capillary (about ‘(05 mm. diameter or less) 
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shows the series lines brightly and secondary lines faintly 
(see fig. 9,a). A slightly broader capillary shows the 
secondary lines with much greater relative intensity (see 
fig. 9,6). Thus increasing the current density in the capil- 
lary has the same effect as increasing the intensity of the 
discharge through the brush, except that in the former case 
little broadening of the series lines occurs, and the relative 
intensity of the series lines is not altered. 

These results are quite compatible with those obtained 
witha discharge-tube. Both spectra appear with the ordinary 
induction-coil discharge, while the secondary is reduced or _ 
disappears when the tube forms part of a condenser and 
spark-gap circuit®, 

Oxygen. 


The series spectrum of oxygen is much feebler than that 
of hydrogen. Its behaviour, however, is very similar, 
though the lines show no appreciable broadening nor any 
variation of intensity among themselves. They appear in 
the brush in distilled water only very faintly. In the un- 
condensed brush in solutions they do not appear at all, but 
they show distinctly in the spectrum of the condensed brush 
when the discharge is heavy. They are shown fairly well 
in Pl. V. fig. 2,e. The lineX=6157 is easiest to detect. Itcan 
be seen a little to the right of the lithium orange lineX=6104 : 
fig. 3, d, Pl. V., shows these two lines of nearly the same 
intensity. The fine capillary discharge shows the series 
spectrum best (see Pl. V. fig. 8, a or fig. 9,a).. The wider 
the capillary, the fainter are the series lines (compare 
fio. 9,a & b: bis with the slightly wider capillary). Indeed 
with a capillary about ‘2 mm. wide the series spectrum is 
difficult to detect. Within the limits of these experiments, 
then, it would appear that the higher the current density, 
the brighter will the series spectrum be. 

The many-lined or elementary-line spectrum of oxygen 
Lehaves in a somewhat inexplicable way. Its behaviour is 
quite different from that of the secondary spectrum of 
hydrogen. It appears in the brush in distilled water faintly, 
but stronger than the series lines (see Pl. V. .fig. 6, a & b). 
The doublet at A=4416 is the most readily distinguishable 
part of the spectrum. I[t appears also in the brush in solutions, 
occurring only at the feebler, and vanishing almost completely 
at the higher discharges (compare Pl. V. fig. 4, a, b, ¢, d). 
It is also brighter in a solution of lithium sulphate than in a 
solution of lithium carbonate (compare fig. 3 with fig.4, PI.V.). 


* Dufour, Ann. Chim. et Phys. ix. pp. 405-5 (1906). 
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In the capillary discharge, even with the finest capillaries, 
the elementary-line spectrum occurs very feebly, if, indeed, 
at all. This is true both as regards distilled water and 
solutions, if we disregard the stationary bubble at either end 
of the capillary in the latter case. In dilute sulphuric acid 
the discharge spread over the top of the bubble is a deep 
blue, which fluctuates in extent and intensity. If an image 
of the discharge is focussed by means of an achromatic lens 
on the slit of a spectrograph, the resulting photograph shows 
that the spectrum of the bubble consists mainly of the ele- 
mentary-line spectrum. Very little trace of this spectrum 
is found in the capillary portion. This point is illustrated 
in fig. 8, where perhaps spectrogram c¢ shows it most 
clearly. 

If all the photographs are considered it will be found that 
where the elementary lines are strong the series lines are 
weak and vwice versa. Everything would appear to point 
to the fact that the elementary-line spectrum was due 
to low current density. We should obtain this spectrum, 
then, if we reduced the current through the fine capillaries 
or used wider capillaries. I have tried both methods and 
obtained negative results. Fig. 9,6, c,d represents a series 
of photographs with a fine capillary, the current being 
reduced by choking down the primary current of the induc- 
tion-coil. Fig. 8 is a similar series for dilute sulphuric acid. 
It will be noticed that in the latter case the elementary lines 
in the spectrum of the bubble intensify a little at first, 
though they do not do so in the spectrum of the capillary. 

As it is the elementary line-spectrum which occurs in the 
spark in air, and in a vacuum-tube when excited by the dis- 
charge of a condenser through a spark-gap, it is generally 
associated with high current density. Runge and Paschen 
have, however, observed it in the wide part of a vacuum- 
tube which was excited by the ordinary induction-coil dis- 
charge, the capillary portion giving the series spectrum *. 
It seems impossible, therefore, to account for this spectrum 
from the point of view of current density alone. 


Solute. 


I have made observations on salts of lithium, sodium, 
potassium, and calcium. The greater part of the obser- 
vations have been confined, however, to the sulphate and 
carbonate of lithium. The lines of the metal only appear. 
In the uncondensed brush the lines appear equally well in 


* Ann, der Phys. xi. p. 641 (1897). 
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solutions varying in strength from ‘005 to ‘1 per cent. ; 
with much stronger solutions the brush does not occur. 
With the condensed brush, the spark-gap being closed, the 
spectrum of the metal of the salt generally increases in 
brightness ; but on opening the spark-gap, the spectrum for 
the weaker solutions grows fainter, disappearing eventually 
as the spark-gap is further extended. In the stronger solu- 
tions the intensity of the spectrum either remains stationary 
or increases very slowly. 

I have chosen a few of the spectrograms for lithium salts 
to illustrate these points (Pl. V. figs. 1-5). It will be seen that 
the lithium red line A=6708 increases in brightness at first 
more rapidly than the Hz line of hydrogen. Subsequently 
the H, line greatly exceeds in brightness the lithium line. 

Another point to notice in connexion with the lithium 
spectrum is that it is produced much more brightly with 
the sulphate than with the carbonate. (Compare fig. 4 6 with 
fig.3 5 Pl.V.) For the same percentage strength, the lithium- 
sulphate solution has a lower resistance than the lithium- 
carbonate solution. The current is consequently much larger, 
though not of course comparable with the strength of the 
higher condensed discharges which tend to destroy the spec- 
trum. This difference in current may account for the 
difference in brightness of the spectrum of lithium for the 
two solutions. 

There is, however, a very great difference in the relative 
intensities of the lines which can scarcely be accounted for by 
this. In Pl. V. fig. 4,a & bit will be seen that the lithium blue 
line A=4602 and the lithium orange line A=6104 are very 
nearly of the same intensity as the red line. This is very 
far from being the case in any of the spectra with lithium 
carbonate. In fig. 4 it will be seen that while the red line 
persists, though faintly, right through to the heavier con- 
densed discharges, the blue and orange lines are scarcely 
discernible when the discharge is heavy. The distribution of 
intensity is now very similar to what it is in all the photo- 
graphs with lithium carbonate. 

If the uncondensed brush is examined visually, the lithium 
lines will be observed to fluctuate a good deal, sometimes 
flashing up very brightly, sometimes appearing very feeble. 
All the time the electrical conditions may remain quite 
steady, while the hydrogen lines do not show the slightest 
variation in brightness. After the discharge has taken place 
for a few minutes it will be found that the spectrum has 
brightened and become, on the whole, steadier, while the 
potential difference has risen. If the point be now examined 
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with a lens it will be found that it has slightly decayed 
(see fig. 4 in text). There is thus interposed between the 
point and the outer liquid a very short capillary. The 
resistance of this capillary evidently enabled the potential 
to rise and thus give a brighter discharge. 

Ifa fine wire is used (about ‘1 mm. diameter), then after 
continued use it will be found that the lithium lines have 
decreased very considerably in brightness, the rest of the 
spectrum being unchanged. The point, in one case, when 
examined was found to have decayed so much that a capillary 
of 2mm. in length intervened between it and the liquid. 
It was this that first suggested to me the examination of oe 
capillary discharge with the apparatus shown in fig. 2. 
Fused silica was used as the material because glass capillari ies 
cracked too readily with the heat. It was found with capil- 
laries ranging from ‘05 mm. diameter to 1 mm. diameter in 
various strengths of solutions, that the lithium lines appeared 
only very faintly. If the wire electrode which was immersed 
in the fused silica tube were now brought just to touch the 
top of the capillary, it became covered with a faint luminous 
glow which gave the spectrum of hydrogen and lithium (if 
a solution of a lithium salt were used). The lithium spec- 
trum grew brighter as the point was pushed further down 
into the capillary, while the discharge at the bottom of the 
capillary changed over to the brush discharge (the bubble 
discharge as described above). Just before the point reached 
the bottom of the capillary the brush became fainter, and 
the luminosity vanished completely as the wire emerged 
through the capillary. 

To produce the spectra in fig. 7,4 & B (Pl. V.) the image 
of a capillary was focussed on the widened slit of a spectro- 
graph. ‘The capillary tapered, being narrowest at the 
bottom. The discharge occurred only in this narrow portion 
of the capillary when the electrode was kept away from it. 
Fig. 7, B is the spectrum under these conditions. The capil- 
lary is inverted in the photograph so that the spectrum of 
the narrow portion appears at the top (a) instead of the 
bettom (v). It will be seen that the lithium lines are very 
feeble. Fig. 7, A is the spectrum of the same capillary, the 
wire electrode now being just at the top of the capillary 
(bottom in the photograph). The spectrum of the glow 
surrounding it is shown clearly in fig. 7,4, 6. Thus while 
the hydrogen gives a bright spectrum both in the narrow 
part of the capillary and round the point, the lithium lines 
(and the D lines of sodium) appear brightly in the light 


surrounding the point, but scarcely at all in the narrow part 
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of the capillary. For fig. 7,c the slit was narrowed and the 
wire electrode was pushed right down till it reached nearly 
to the bottom of the capillary. It is interesting to compare 
this spectrum with fig. 1,b; the red line of lithium (A=6708) 
in each case is of about equal intensity. 

There can be little doubt then of the importance of the 
point in the production of the lithium spectrum. As lithium 
sulphate is a better electrolyte than lithium carbonate and 
produces the lithium spectrum more readily, it seems sug- 
gestive that the lithium accumulates close to the point due 
to electrolytic action, being there vaporized and rendered 
luminous. Unfortunately 1 was not able to test this point 
further by examining a unipolar brush, but it the brush were 
examined with a rotating mirror, at the feebler discharges, 
one of the alternate bands was a deep red and the other blue. 
This might easily have been due to the presence of the 
lithium spectrum in the red band and its absence from the 
blue. At the higher discharges the bands were the same 
bluish colour—a result we would expect, considering the 
relative feebleness of the lithium spectrum at the higher 
discharges. 


Platinum. 


The spark-lines of platinum occur as the discharge through 
the brush becomes heavy, and they increase with the intensity 
of the discharge (see Pl. V. figs. 1-4). In the uncondensed 
brush in distilled water, as the water gets hotter the cuirent 
and voltage drop, while the brush becomes feebler. The 
various spectra of oxygen and hydrogen which appeared at 
first grow fainter, and at length, when the water is on the 
point of boiling, the platinum lines show up very faintly (see 


Pl. V. fig. 6, ¢). 


Summary. 


The series spectrum of hydrogen in both the capillary and 
brush discharge increases with increase of current density, 
while the secondary spectrum decreases in relative intensity 
to the series lines. ‘The series lines broaden considerably 
with the condensed discharges, and the relative intensity of 
the lines falls off towards the violet. 

The series spectrum of oxygen appears only with the 
higher current density discharges, being brighter with 
higher current density. The elementary-line spectrum 
appears in the brush with the feebler discharges only, its 
brightness also depending on the nature of the solution, It 
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appears in the spectrum of the capillary, in the capillary dis- 
charge, only very faintly if at all, but in the discharge in 
dilute sulphuric acid it is the most important part of the 
spectrum of the bubble which forms at each end of the 
capillary. 

The lines of the metal of the dissolved salt appear in the 
brush. In the case of lithium their relative intensity varies 
with the salt used and also with the current. In weak solu- 
tions the metal lines are destroyed by the heavier condensed 
discharges. The metal lines appear very feebly in a capil- 
lary, and they are produced strongly only in the immediate 
neivhbourhood of a metal electrode. 

The spark-lines of platinum appear with the condensed 
discharges when a spark-gap is used. 


In conclusion I wish to thank Professor H. Stroud, of 
Armstrong College, for the kind interest shown in this in- 
vestigation. Mythanks also are due to Mr. H. Morris-Airey, 
who suggested to me this problem for research and who was 
at all times willing to offer criticism and advice. 


LI. A Contribution to the Theory of Electrocapillarity. 
By Davip LEonARD CHAPMAN *. 


OR any substance which satisfies the laws of a perfect 
gas we obtain by equating to zero the variation of the 
sum of the potential and free energy the equation 


P,—P,+ Rt log. p,—Ré log. p, =0, 


P, and P, being the potential energies at the points 1 and 2 
of a gram molecule of the substance, and p, and p, the 
respective hydrostatic pressures. 

If the potential energy is electrical the above equation 
becomes : 


(V,—V.)q+ Rt log. p,— Rt log. p.=0, 


in which V is the line integral of electromotive intensity, and 
q the charge on a gram molecule of the substance. 

The potential t of a monovalent metal in contact with a 
solution of one of its salts is therefore, according to Nernst’s 


* Communicated by the Author. 

+ Although it sometimes leads to confusion, we shall for brevity adopt 
the usual convention of calling the line integral of electromotive intensity 
potential. Throughout the electrostatic system of units will be used. 
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double-layer theory, given by the equation 


Vs— Vin + aa Ps =0*, 
€ ° Pm 

in which ¢ is the charge on a gram ion of the metal, and s 

and m refer to points at some distance within the solution 

and on the surface of the metal respectively. 

The above equation only holds if it is assumed that the 
charge on the metal is much closer to the surface than the 
charge in the solution—an assumption which can be shown 
to be in complete accord with Schuster’s estimate of the 
concentration of the free negative electrons in conductors. 

Assuming proyisionally that the charge on the metal 
resides entirely on its surface, and that there is accordingly 
no difference of potential between the surface of the metal 
and its interior, we propose to investigate the distribution of 
potential and electric density within the solution, and thence 
to deduce the capacity of the condenser which the double 
layer forms. 

Consider a plane surface of the metal, and let x be the 
perpendicular distance of a point in the solution from the 
surface of the metal. Let the potential at any point « be 
represented by V,, and the pressure of the metal ion at the 
same point by p,;. Then 

Vi Ve log 8. a) 
Indicating by the affix ’ that the symbol for a dimensional 
magnitude refers to the negative ion we obtain similarly for 
the anion - 


/ 
Ve es a 


€ if 
From (A) and (A’) 


ice) 


joe SE (i.) 
since p,, = p,,’- 
Tf by p2 we indicate the electric density of the positive 
charge on the metal ion 


ar Rt? 
whilst Wein (uit 
ue Re 


™ We shall leave out of consideration the effect of potential energy 
arising from non-electrical forces at the surface. 
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Whence 
prtpr= Ri = (ps—pz) 


é z 
= (r: = , (from (i.)) 


We shall now show that, with the assistance of Poisson’s 
equation, 


the electric state of any point in the field can be found, and 
the charge on the double layer condenser expressed as a 
function aE the difference of potential between the solution 
and the metal. 
In the special case under investigation Poisson’s equation 
becomes 
_@N, _4dwe pee 
da? -K re? ait (B) 


ad? 
On substituting the value of —,, which can be ob 
from (A), this reduces to da?’ obtained 


Foe? Ret a we 
> een a 
The above differential equation admits of solution in a 
simple form. Multiplying both sides of the equation by 
d log. pz, and integrating between «=a and x=, we obtain 


ee? KK. 2 d 4 
a Se pales Ps ) — (j,legep.) ]=—p-+22..— a 


e ad e 
but since ae log. p,, 1s zero, this reduces to 


Rt K d 
82 dx loge pe=+( VP. eh 


It is obvious that the negative sign must be taken on the 
right-hand side of the equation ; so that we obtain finally as 
the first integral of the differential equation 


one eh A Np NV Dx ovate (C) 


or Rt K i : 
= / ¥ -. =/ p:(Po—P2) inks (C") 
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The solution of (C’) is 


Re / hog, Det Pas “P= VP 
OT P., is NV Pr VD V/ pot V Pn 


The last equation is not at present of much practical ~ 
importance. 

What we require to know in order that we may be able 
to test the theory of electrocapillarity by a direct comparison 
of the experimental values of surface tension with those cal- 
culated from the theory, is the magnitude of the charge on 
the double-layer condenser for a given difference of potential 
between the solution and the metal. 

By integrating Poisson’s equation between 0 and © we 


obtain 


dV, ae dar 
FT TK 


Q, 


in which Q is the charge on unit surface of the solution. 


But 


a Voge aa Pad 


de” dz ~y 108. Po- 


Substituting in this equation the value of a loge po 
obtainable from (C), we deduce that da 


OU BE oa Ca coos 
Qar/sha(y/P — 9/22), 
“ Px Po 
A more convenient form of the above equation is 


EV 


O= Agee (es ey .. a 


where V is the difference of potential between the solution 
and the mercury. 


Calculation of the Surface Energy of Mercury in 
contact with an Electrolyte. 


The surface energy of the mercury in a capillary electro- 
- mometer can be deduced in the following way. 

Suppose that a layer of mercury A is in contact with a 
solution of potassium chloride which also contains mercurous 
chloride at a very low concentration. Assume also that the 
means exist for increasing and diminishing the surface of 
the mercury in contact w ith the potassium chloride. In the 
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solution of potassium chloride are immersed alloys of the 
elements potassium and chlorine with substances that are 
insoluble in water. The ionic solution pressures of the 
alloys are equal to the osmotic pressure of the potassium 


and chlorine ions in the solution. The alloys are in elec- 
trical contact with the mercury, and electromotive forces 
can be inserted in the circuits thus formed at B and C. 
The potential difference between the solution and the mer- 
eury can be increased by removing from the solution small 
amounts of ionic mercury and chlorine by means of the 
circuit C. 

With this engine we perform the following reversible cycle 
of operations, keeping the concentration of the potassium 
chloride constant. 

I. We start with a negligible amount of mercury surface 
in contact with the solution, the osmotic pressure of the 
mercury ions being equal to the solution pressure of the 
mercury. Mercurous chloride is withdrawn from the solu- 
tion until the difference of potential between the solution 
and the mercury has risen to V. The work performed in 
this operation is In any case negligibly small, and is, more- 
over, almost completely recovered in a subsequent operation. 
After this operation there will be a negative charge on the 
metal and a positive charge in the solution. 

II. The mercury surface is increased by unity. Now the 
positive charge in the solution close to the surface of the 
metal exists by reason of there being in that region a large 
excess of potassium ions, a large deficiency of chlorine ions, 
and a small excess of mercury ions. Therefore, if the con- 
centration of the solution is kept constant as the surface 
increases, potassium and mercury ions must be introduced 
into the solution, and chlorine ions removed with the assistance 
of the circuits B and C. As the potassium ions with their 
positive charges enter the solution an equal amount of 
negative electricity passes from K to A. Let the quantity 
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of electricity which passes from K to A during the formation 
of unit surface be —q. It changes in potential by an 
amount —V, and therefore the work performed is gV. 
Let the negative charge on the chlorine ions removed from 
the solution during the formation-of unit surface be —7. 
This charge also passes to the mercury surface, and an amount 
of work g'V is performed. ‘The electrical energy required 
to introduce the small excess of mercury ions can be neglected. 
The total electrical work performed is (¢+q')V or QV, 
Q being the charge on unit surface of the mercury. An 
amount of work equal to T,, the surface tension corresponding 
to a difference of potential V, is also performed. 

III. Mereurous chloride is introduced into the solution 
until the difference of potential between the mercury and 
the solution is zero. This work is opposite in sign and 
almost equal to that performed in operation I. During the 
destruction of the double layer the excess of potassium ions 
re-enter the potassium alloy, whilst the deficiency of chlorine 
ions is supplied by the chlorine which entered the chlorine 
alloy during the formation of the surface. It is easy to see 
that the electrical work performed by the engine in order to 
effect this change will be 


i 
i) ae 
(0) 


IV. The surface is reduced by unity, and the work per- 
formed by the engine is To, the maximum surface tension. 

If we sum the work performed on the engine in the cycle 
of operations and equate it to zero we obtain ‘ 


T,—T,=QV -{" VaQ= {, " aye 


Now it has generally been assumed that the capacity of 
the condenser formed by the double layer is constant. ‘This 
assumption would obviously make T,—'T, proportional to V°; 
but the first part of this investigation shows that the assump- 
tion is not justified. 

Substituting in the above equation the value of Q from 
equation (D), we find that 


Vv 2 SBA} eV eV 
Ky 2Kt —2Rt 
1—1= | =! =(¢ —e dV 
0 a7 
EV 


ea) U3 éV 
2R Kp ( dRt = 4RE\2 
= BB /BPo (et mY 


€ 20 
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This equation can of course only be true so long as the ions 
behave us perfect gases. The increase in osmotic pressure 
of an ion for a change i in potential of O-1 volt is about 80: 
fold. So that if Phot solution were decinormal potassium, 
chloride it would scarcely be legitimate to use the formula 
for a greater value of than 0-1 volt. Unfortunately, the 
change in surface tension for an alteration in the applied 
Pieciroulotive force of O°1 volt when the surface tension is at 
its maximum is so small oa it cannot be accurately measured. 
I estimate from 8S. W. J. Smith’s* electrocapillary curves 
and Quincke’s value for the surface tension of mercury in 
contact with hydrochloric acid (assuming that the surface: 
tension of mercury in contact with hydrochloric acid is the 
same as that of mercury in contact with a solution of potas-: 
sium chloride), that the fall in surface tension when V is: 
0-1 volt lies between 3°5 and 4 ¢.G.s. units when the mercury 


; N : 
is in contact with aa KCl. The fall in surface tension 


calculated from the above formula for the same change in 
the applied electromotive force is 4°8 c.c.s. units. It is 
therefore very probable that the observed change in surface 
tension can, as Helmholtz postulated, be largely accounted 


Be for by the electric charges in the double layer. 


Ti is obvious that what is most needed to elucidate the 
mechanism of the capillary electrometer is a very thorough 


: _ examination of the electrocapillary curve in the region of 


maximum capillarity, preferably with solutions which give no 


_ electromotive force in contact with mercury, such as those 


used by Palmaert to investigate the electromotive force of 
the calomel electrode. | 
Jesus College, Oxford. { 


‘ i ij : + : 
LIT. On the Electrification associated with Dust-Clouds. By 
 W. A. Douetas RupGe, Professor of Physics, University 
College, Bloemfontein tf. 
{Plates VI. & VII.] 


HE author has shown § that a considerable amount of 
electrification is imparted to the atmosphere by clouds 
of dust raised by the wind, and it seemed of interest to. 
investigate the electrification developed by raising clouds: 
* Zeit. fs Phys. Ch. xxxii, p. 467 (1900). 
t Zeit. Elektrochemie, ix. p. 754 (1903). 
I Communicated by the Author. 


§ Phil. Mag. June 1912 ; Proc. Roy. Soc. South Africa, 1912; South 
African Journ. a 1912. 
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of dust composed of various materials, by artificial means. 
As has been shown *, the electrification developed during 
dust storms in South Africa is invariably negative, neutral- 
izing and reversing the positive charge usually present in 
the air. In England, in places where the matter was tested, 
the clouds of dust raised by motor-cars had the effect of 
encreasing the positive charge. In South Africa the dust is 
usually of a siliceous character, whether it comes from the 
sea-shore, inland wastes, cultivated soils, or the mine-heaps 
in the neighbourhood of Johannesburg. In England ‘ road 
dust ” is usually calcareous. It is quite easy to show the 
production of a charge of electricity by raising a cloud of 
dust. If a small quantity of flour is placed upon the plate 
of an electroscope and then suddenly blown away, the 
electroscope will indicate a charge whose magnitude will 
depend to some extent on the fineness of the flour. The 
experiment can be performed in a room, but the effect is 
very much greater if it is done out in the open air. By 
raising a cloud of flour-dust in any way and catching the 
particles in a hollow insulated vessel, it is always possible 
ito show the presence of a charge of electricity. 

The apparatus used for systematic investigation consisted 
of a small cylinder of fine wire-gauze 10 em. in length and 
2 cm. in diameter, which was attached to a hollow brass 
cylinder of the same diameter. A nozzle projected a short 


Wire Osi Brass tube 


pss oe SSS 


RS ce SSS) 


<—fowder 


CAPD. 


distance into the brass cylinder, and if some powder was 
arranged in front of the nozzle a sharp puff of air would 
blow it into a cloud, and the particles would be, carried 
through the meshes of the wire gauze and give up a portion 


* Phil. Mag. June 1912; Proc. Roy. Soc. South Africa, 1912; South 
African Journ. Sci. 1912. 
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of their charges to it (fig. 1). The cylinder was insulated 
by an ebonite rod and connected to a sensitive gold-leaf 
electroscope of the pattern designed by G..T. R. Wilson. 
An ordinary instrument suffices in most cases, as the charges 
developed are quite strong. The air current was usually 
obtained from a Fletcher bellows, but a sharp puff from 
the mouth was quite efficacious. When fine sand or dry 
earth was used a strong positive charge was indicated, 
as would have been expected from what was shown in a 
previous paper * ; but on using other material, the charge 
was positive or negative, according to the nature of the 
material. 

Almost the only references to the electrification of dusts 
are those relating to the production of Lichtenberg’s figures, 
by shaking a mixture of red lead and sulphur in a muslin 
bag, and allowing the powders to fall upon an irregularly 
electrified plate composed of some non-conducting material. 
A separation of the red lead and sulphur particles is effected 
because of the opposite charges acquired by these materials, 
the sulphur particles being stated to be negatively electrified, 
whilst those of the red lead are positive. Now, powdered 
sulphur when blown into a cloud in the apparatus acquires 
a POSITIVE charge, and red lead a NEGATIVE one. This fact 
seemed sufficient to warrant an investigation into the kind 
of electrification accompanying the raising of clouds of dust 
from different materials. 

A great many experiments were made with those materials 
usually found in the chemical laboratory, and very shortly it 
was seen that the electrification developed appeared to follow 
some general laws ; and although there are many apparent 
exceptions—probably due to the use of materials whose 
purity is doubtful—the laws given below are fairly well 
established by the experiments. The materials used were 
taken from the stock-bottles in the laboratory and no attempt 
was made to purify them. The experiments were conducted 
out of doors, and the results are tabulated below. 


Law I. Non-metallic elements give positively charged clouds 
when the finely divided material is blown into a cloud by 
a current of air. : 


Of course, only solid elements can be dealt with in this 
manner. 
* Phil. Mag. June 1912. 
rad Bt 


¢ 
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Tasue I. 
Element. Charge. Remarks. 
Carbomia ty iiuerectn + Magnitude of charge varied with the, 
kind of carbon. 
ull palatine su eae + Very strong charge. 
Phosphorus: necc -+- Amorphous and carefully dried. 
Silicon) | fener ares + Strong * charge. 
HOR OWA EEO Seen tee oe + 4 5 
Selenium a eee + ee 5 
Melua mays eh es i se 7% » 
Hodine aretha. 0 Tae + le HY 
PAUBSO TING ARI sinc scree —- Fairly strong. 


* By strong, one means that a few centigrammes of the substance would 
produce sufficient electricity to send the gold-leaf out to a right angle. 


Particular note should be taken that the so-called metallic 
arsenic is included in the above list. Carbon occurs in 
several modifications, and of these wood and sugar charcoal 
and diamond dust were strongly positive, graphite not very 
definite and sometimes strongly negative, whilst ‘animal 7 
charcoal, a mixture of various “substances, gave practically 
no electrification. Sulphur in all its modifications was 
always strongly positive. Amorphous phosphorus was, of 
course, the only kind which could be used. 


Law Il. Metallic elements give negatively charged clouds when 


the finely divided material is blown into a cloud by a current 
of air. 


As a positive charge seemed to be associated with a 
non-metallic dust-cloud, it seemed likely that a metallic 
dust should give a negatively charged cloud, and this was 
borne out by the experiments ; but, as is seen from Table II., 
some important exceptions occur. 

The list of metals is far from being complete, but it is. 
very remarkable that those which are so definitely “metallic” 
in their character should acquire a negative charge ; whilst 
tungsten and vanadium, which form strongly acid oxides, 
pre! * approximating to the nature of a non-metal, should, 
under the same circumstances, give positive charges. 
Uranium and titanium should probably be included in the 
same category, but the charges obtained were indefinite, and 
only a small quantity of the material was available. One 
would expect zirconium to behave similarly to calcium or 
aluminium, but the material was probably impure. Only 
those metals could be used which were obtainable in a baal 
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divided state. In the case of iron the results were the same, 
whether filings or reduced iron was used. 


TApie Eh 
| | 
Metal, | Charge, | Remarks, 
| | 
| 
ALP RATATLITD, j 1c sete SS —- | Strong. . 
PAMEDEEMOINY, snails Jes cewaen ee -- oe 
EH oo nacht eseeneces — . 
(CHS TT aT 0 ay ae ane De a _ | Weak. 
CAlGWHTO 25.0 ccacsysese see -- Very strong. 
ODA Get gtinca snes scnadses eee. — Strong. 
Popper 3 .ssis seis? = Weak. 
LIROL) (nS Cano ee — Strong. 
Wend ook: eat p eth tee — a 
MMiaenesiiMniys 0.6.2. s sea. _ 4, 
ib Toe Aa ee 2 ae — Variable. 
SAS geen Se a — Weak. 
GAM ee hat IY. os nick ae alnicince — a 
LEG ee ee ? Variable. 
LOTS UG Se ee + Strong. 
(OIE N70 Reg 4 Variable, 
Wenadiina s° 9)... le haoes oe Very strong. 
ENE SENSO CN: SR Eee — 3 ; 
PARE COMTI SEE sage oes sa + Weak. 
| Platinized Asbestos* = Strong. | 
| 


* Compare Asbestos, Table IX, 


The charges obtained on the clouds of dusts of metals and 
non-metals are thus of a character opposite to those associated 
with the ions of the elements when in solution, and from this 
the inference was drawn that clouds of dusts from solid acids 
should also be positively charged, and here again the in- 
ference was strikingly substantiated, only one exception 
being noted. The acids used are mainly organic ones, as 
only solid acids could be used. | 


TapuE. PE 
| Acid. Charge. Acid. Charge. 
| 
PROM MMPATIUITE ts peeues sce baw es . = Milonie oi seeeeetas == 
EMA ONC Ja « e'o:c ciao ae a. tlantes as + Molyhdie 4}. ieker | 4 
LTC Ue ia +. Moe). 5c> 4 ee as of 
(UNINC) SS hee el + Oxalieies 46 ce ete. = 
| WRONG. oo 5. ca scke sie caces- + Gh alte. 2)... ae eaesee eee _ 
BEPNOGV ANG. 42.22. .5<00-- + Saliey lich | 5. aseeeeeeees + 
BEI) 9 hae == Sulphanilic’ 4.5000. + 
TAG PP MUETCA ES. 22/3025 5 Hoole se AM; Ue d (ORM aSBP Se ar bene a | 
| Metastannic .............+. + | 


The anthranilic acid was not tested as to its identity, as 
the quantity was very small. 
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A systematic investigation of the oxides of metals and 
non-metals was made, the results being shown in Table LY. 
Oxides may roughly be divided into “acidic”? and “ basic” 
groups, the former being oxides of non-metals and the latter 
those of metals, but of course the rule is not rigidly followed, 
as many metals give acid oxides. We should thus expect to 
find that some oxides should give positive clouds, and others 
negative ones. 


TABLE IV. 

Oxide. Charge. Oxide. Charge. 
Aluminium ...... Al,O, — Magnesium ...... MgO = 
Antimony ......... Sb,0, = Manganese ...... MnO + 

ee Eee Sb,O, + ibs Maaee ese MnO, + 
WAGESGHIG y).5.0 05 ais 5%'s As,O, + Molybdenum...... MoO, + 
Scr Amer ocak aah AsO, + Mereury... i... Hg,O = 

iBT voit] We eee one BaO — pth are ea iia HgO _ 
tages ae ae BaO, ~ Wiekel™ \.:2 c.scse NiO = 
BiswiTrbh. (53.864 Bi,O, = Phosphoric ...... P03 + 
OTIS 502.5 anit Ce,O, = PUM os ceastat seen se SnO, + 
Op Petr s2-...<.cce Cu,O — Titanium ......... TiO + 
BAW is oc csaeece CuO — Tungsten + ....52.-: wo, =5 
Chromium ..:...22- Cr,O, ae sory Pieaem eng W.O; + 
MOGINE y..-. yon iO; ae Urania, 06 25.3. UO: — 
Ly oa FeO _ HEA My eee hero UO, _ 
set eens eee ae Fe,0, = Vanadium ......... V0; + 
Mia scat PbO — ANT CER SRR e men Le ZnO — 
aa aie meee seemans PbO, — ga 1 Gane ee eae BA ZnO, — 

fo tt Ser Pb30 — Zirconium ......... ZrO _ 


| | 


Manganous oxide MnO and chromic oxide might be 
expected to give negative charges as they are decidedly 
basic. Molybdenum, tungsten, and uranium form strongly 
acid oxides. One oxide of antimony is basic and the other 
acidic. The oxides of arsenic, phosphorus, and iodine are, 
of course, very strongly acidic. [From this table and the 
preceding one another law may be deduced. 


Law III. Solid acids and acid-forming oxides give positively 
charged clouds, and basic owides negatively charged 
ones. 


Assuming the truth of law III, it was of interest to 
speculate as to what should be the nature of the charge 
obtained on the cloud formed by raising a dust from a finely 
powdered salt. Would the character of the base or the acid 
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predominate ? With this idea in view, groups of salts were 
studied in which the acid was “strong’’ or “weak”? rela- 
tively to the base, and Table V. shows the results obtained 
with the carbonates. Carbonic acid may be regarded as a 
“weak”? acid, so that the electrification due to the base 
might be expected to be dominant. 


TABLE V. 
Carbonate. Charge. | Carbonate. Charge. 
| 

| 
ATMO Sccccctics cess se St) DGS Oe aes SR a == 
“E7210 [1 cee eee anes — || USGS er sea ae ee — 
LES ee _ | Magnesium ........ Begdaan| = 
15] Sg 1 ee a — Manganese <.2....--..+. . — 
Wamu i... 00s... 00! os Witwthiuaa 0,25. 2 et = 
CeO la a ae = HWE OLASSETING 522. ss 7g ake Ab: — 
MITE es. sosacnseessoecess | — PS (OLE LD 11 AAR Gs a = 
CAC eae — Wi OGOMGIMMI: J. casceaeoccss. = 
ODE eae = | AS AP pe eS re ee | — 


There are three exceptions occurring in this table, which 
may have been due to contamination, as it seems anomalous 
that chromium and iron carbonates should differ from the 
carbonates of cobalt, manganese, and nickel. 

Nitric and hydrochloric are “strong” acids, and here it 
might be expected that the electrification produced would 
be positive, if the reasoning applied to the carbonates was 
correct, and this is substantiated by Table VI. Even aniline 
chloride obeys the rule. 


TABLE VI. 

Salt. | Charge. | Salt. | Charge. 
Ammonium chloride + Potassium chloride ...... | = 
Barium i 1, ss Sodium Bh OPEN ae ) ba 
Calcium - uel + Strontium she ANA Seer + 
Copper ‘s -— Barium nitrate ......... . + 
Lead i + Bismuth at Gases + 
Mercurous . -— | Lead ait eee et: | + 
Mercurie 5 aa POGISSIMN > 3) MS ec ae ae 
Aniline a -- / | 
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Sulphides gave very strongly charged clouds, which were 
generally positive. 


Tapia, VL, 

Sulphide. Charge. Sulphide. Charge. 
Antimony, Red ......... =r Mercurie Black ......... + | 
Autimony, Black ......... 4s Mercurie Red ince. 2. ae | 
{ SieNeryo anime emer A ettee gUL AGU A, + Potassiana +e ees 0 
Callemarna nitanteameeken ce a. + A I cg taut, AR Ue ane Be + 
Copper nately Naa! sens + ZAG gi he ss eee — | 
Os) 7) eee Oe Ae RAE Rene + | 


Reasoning by analogy with the carbonates, we might have 
expected sulphides to give negative charges, because hydro- 
sulphuric is a weak acid in solution, but sulphides are very 
stable compounds, so that perhaps in combination the acid 
is strong. 

Sulphates show considerable variation, but an isomorphous 
group produced the same charge. Gypsum, CaSQ,2H,0, gives 
a positive charge, but after the water of crystallization was 
driven off by heating, the anhydrous sulphate gave a nega- 
tively charged cloud. 

The alkaloids are a well-known group of basic bodies, and 
all give strong charges when blown into clouds. With these 
were studied some allied bodies, and the results obtained are 


shown in Table VIII. 
Taste VIII. 


| : | 

Substance. Charge. || Substance. Charge. | 

| | 

NCOMUEING 5 sca awvoebege - Morphine chloride ...... “+ | 

MNTPOVSIME eres el ok ee — Qiainine 21.40 ao eee — ) 

ER IUNCITVG atc shy Sees sobs ie — | Quinine sulphate ......... — | 
Caiieniie fap occa - + sodian caceee — | Strychmine:: (2). lap ee eee = 
Cantharidine 2 ..c..c00c. — LOSpliGIN) | (detec aemaseeeere -+- 
WimeWonine, wis. .s5s eee _ Pam iin, os ccewspeneehemene + 
Cocaine ai. sai; 2525 ph eaeeee — Theine’ :../secincarpemel see | -- 

OCI wk das asin eee — |W enagilitna (Vee cue coisa _ 

Morphine 1.10 oiseg on — Re Gaver terete Weve ty cena me. | “+ | 

| 


It is very remarkable that ail those alkaloids which are of 
more or less similar constitution should give negative charges, 
whilst morphine chloride behaves as other chlorides and 
gives a positive charge. Theine and caffeine are undoubtedly 
the same substance, and although classed with the alkaloids 
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are really derivatives of uric acid and should be called ureides; 
salicin, tannin, vanillin, and guaiacum are probably gluco- 
sides, and all give similar charges to each other but different 
from those of the alkaloids. 

In Table LX. there is given a number of miscellaneous 
substances which do not admit of convenient classification, 
but those materials to which an acidic character is usually 
attributed do in general give rise to positive electrification. 


TaBLE IX. 

Substance, Charge. Substance. Charge. 
Calcium fluoride ............ —~ U aun eV Eu (oy1 Nanay ee eee een + | 
NING) GHOMMAALE vada <n jan canes + PACA AYASHO LSU Wont 4 AER RN a AH + | 
Precipitated silica ......... + Die O PORTMAN i. 4. face cae = 
DemerOse fasta t Steer ee «cst — Methy i orange™. 2g. 20.'5).2. - 
Meine cilities 2s wae — Calcium acetate ............ _ 
SUE CL0 Sl EEE a ae Rp ce ae Potassium iodide ............ a 
ISL Ta Se en — | As DrOMvAG es oc + 
Wend tartarabe’ 2... ic... + ss permanganate... — 
OPrirtal eMebIG ().(sos elk 6. = as chromate ...... —— 
Sodium aluminate ......... Sa Rs bichromate ...... (+ 

i Salicylate. (.s.s5c8.. — 3 fluosilicate ...... ie a 

a bisulphite: . j.si..<.: — és lhivdiraitie: \. eaeenas — 
Ammon. bichromate......... + Is ferrocyanide NY le 
Copper cyanide ............ + 5 phosphate ...... + 
ied chromate i... ccs: -- 45 sulphite ......... ; oo 
INS ChCP ee eee + . bitartarate ...... _ 
VROC AWOL oc. weldtens vite gets -- fe Wig Grivies wteeersincts © acs oo acs ocean ate 
CarHorungum .......ss..c.-. 25 Wires mitrate ics. hes kesoc. dec | =5 
Tricalcic phosphate ......... Sn GM UCITIe Ne. abet tceh aces <sies oo 
Monocalcic phosphate ...... -- Naphthylamine  .......<...- — 
SLO D BR Aa Oe oe eae ee Bee + Diphenylamine ............ } oo 


In this table it may be noted that neutral potassium 
chromate acquires a negative charge, but the acid bichromate 
acquires a positive. ‘The same thing is seen with the neutral 
tricaleic phosphate and the acid monocalcic phosphate. 
Carborundum is a compound of two non-metallic elements, 
and should be expected to give a positive charge. Emery- 
powder is oxide of aluminium, and should behave as a basic 
oxide and thus give a negative charge. The alcohol pyro- 
gallol, commonly known as pyrogallic “acid,” is not an 
exception to the rule that acids should give positive charges. 
It is rather remarkable that starch should give a positive 
charge, and flour a negative one; urea is only very sree 
charged, but urea nitrate yields a strong charge. 

In all cases it is to be presumed that the air would acquire 


a charge opposite to that upon the dust, and this was first 
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shown to be true in the case of the iron dust-cloud. As. 
indicated in Table II., iron acquires a negative charge, and 
the air should consequently be positive. In order to show 
this, the wire-gauze cylinder was placed between the poles. 
of a strong electromagnet, and an insulated brass tube made 
to surround the end portion. A cloud of iron dust was. 
raised in the usual manner, but most of the iron particles 
were retained by the magnet, and the current of air im- 
pinging upon the outer tube gave ita distinct positive charge 
which could be detected by removing it from the neighbour- 
hood of the inner cylinder. 

In order to be certain that the charges were actually 
attached to the dusts, and to the air, the method of con- 
ducting the experiments was altered. It might be considered 
probable that the charges shown by the metal cylinder were 
due to the friction of the particles upon the insulated wire. 
gauze, but this is not the case, for if so, the charge upon the 
cylinders would be opposite to that upon the dust. 

A second insulated wire gauze cylinder was arranged 
around the first (fig. 2), and on raising a cloud in the inner 
cylinder the dust was carried through the meshes of the gauze, 


Vig. 2. 


and reached the outer cylinder. The charge indicated by both. 
cylinders was the same. This was not due to an induction 
effect, for on removing the inner cylinder the charge persisted 
upon the outer one. A third cylinder surrounding the second 
one also acquired a charge similar tu that on the innermost 
one, so that it seems to be quite conclusive that the charge 
observed is actually attached to the dust particles. 
The air is also carried through the cylinders with the dust, 
so that the charge acquired by the outer cylinder will be the 
sum of the charges given up by the dust and air, and these 
charges would of course be opposite in sign. It is possible, 
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however, to stop most of the dust and to deal mainly with 
the charge carried by the air. 

A small cylinder was constructed of several lavers of the 
finest wire gauze obtainable, and this was covered over with 
several layers of “ chiffon,’ so that only the finest particles 
of dust could pass, but the air could do so without much 
hindrance. Using this cylinder, it was found possible to 
stop most of the dust, so that the charge acquired by the 
outer cylinder was mainly that due to the air. Some of the 
dust did get through, but probably most of the charge 
it possessed was removed by keeping the inner cylinder 
“earthed.” Table X. gives the results obtained in some 
typical cases. The inner cylinder was insulated and earthed 
alternately. When insulated, the charge indicated by the 
outer cylinder was that due to the dust particles which suc- 
ceeded in getting through, and also to the inductive effect 
of the inner cylinder, which had caught most of the charge 
upon the dust. On earthing the inner cylinder, the charge 
upon the dust would be removed, but sufficient would be 
carried by the air to give a definite charge to the outer 
cylinder. 


TABLE X. 
Substance Inner cylinder Charge upon 
rege y : outer cylinder. 

MW oe 0 oe ek | Insulated. — | 
Earthed. + 
Sulphur, 2. svacsk | Insulated. -f 
| Earthed. ~ 
Fine sand ............ Insulated. + 
Earthed. | _ 
| LT Insulated. = 
Harthed. + 

Boracic acid ......... | Insulated. + | 
Earthed. — 


These examples show very conclusively that charges of 
opposite sign are carried by dust and by air. 

Another form of apparatus was also devised, by which the 
dust particles could be separated from the air by allowing them 
to settle upon an insulated plate and then determining the 
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nature of the charge acquired by the plate, and also the charge 
upon the air could be indicated (Pl. VI. fig. 3). 

A box measuring 40 x 30 x 30 cm. having a well fitting door 
was taken. Through the top a thick plug of ebonite was 
passed, and through this plug a wire was joined to a plate 
of wire gauze. To the door of the box an insulated plate 
was attached, so that on opening the door a connexion could 
be established between the plate and an slectroscope, and 
any charge it possessed indicated. A hole at the bottom 
allowed of a blast of air being introduced, and another at the 
top allowed the air and dust to escape (Pl. VI. fig. 3). 

Some flour was placed on the bottom of the box and both 
electrodes earthed. A blast of air was sent in from the 
bellows, aud after a short time the earth connexion was 
broken, and the top of the box tapped so as to shake off as 
much flour as possible from the upper electrode. On putting 
the electroscope in communication with this electrode, a 
POSITIVE charge was seen to be present. On opening the 
box and testing the lower plate upon which some of the flour 
particles had settled, a NeGATIVE charge was shown to be 
present. The charges were not as strong as those obtained 
in the open air, but they were quite sufficiently strong to 
admit of identification. ‘On repeating the experiment with 
sulphur, the upper electrode became PposITIve, and the lower 
one NEGATIVE, ‘The charge upon the upper electrode was 
always more marked than that on the lower one, and the 
small effect in the latter case appeared to be due to (1) the 
particles of dust giving up their charge to the walls of the 
box, and (2) the comparative fewness of the particles 
‘reaching the plate. 

“Lichtenberg” figures may very readily be obtained from 
the dust clouds formed in the box used for the last experi- 
ment ; and avery marked difference is seen when the charges 
upon the plate are different: 

A cleaned ebonite plate was touched for an instant with 
the knob of a charged leyden-jar. A cloud of dust was 
raised in the box, and as quickly as possible the charged 
plate was put inside. The particles of dust were attracted 
to the charged surface, and a well-defined ‘“ Lichtenberg ” 
figure obtained. If flour was used, the figure was strongly 
developed when a positive charge had been “splashed ” upon 
the plate; and if sulphur, then the same thing was seen if 
the charge was negative. Figures, however, could be ob- 
tained with both charges, but were of a different character. 
No doubt the electrified air moving with the dust would 
effect some slight modification. The photographs show some 
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of the results obtained by this mode of experimenting (PI.VI1. 
MELD. Oy. Ta Grab). 

No. 5 is formed by starch dust, 6 from sulphur, 7 from 
boracic acid, 8 from aluminium, 9 that due to merely sifting 
sulphur upon the charged plate. Here the particles which 
were uncharged, simply lie as they fall, and are not directed 
along definite lines as is the case with the particles from the 
dust clouds. 10 is due to sulphur sprayed, and consequently 
charged, upon a positively charged surface. 

The easiest way to obtain these figures is to raise the dust 
ina kind of wash-bottle. A wide-mouth bottle has a cork 
with two bent tubes fixed in it (fig. 4). One of the tubes 


passes nearly to the bottom, and the other passes just below 
the cork. Some powder is placed in the bottle, and a stream 
of air sent in through A. The dust and air coming out at 
Bare strongly charged, and on directing the stream against a 
charged plate very beautiful figures are obtained. The same 
apparatus can also be used for demonstrating the charges 
developed by raising dust in general, for by allowing the 
stream to impinge upon an insulated conductor connected to 
an electroscope, very strong charges can be obtained, even 
in a small room, but it is very difficult to determine whether 
the effect seen is due to the charge upon the air or upon the 
dust. If the current of air supplied is a gentle one, then 
the normal electrical effect will be seen, z.e. red lead will 
give a negative charge, but if the current is a strong one, 
the main effect may be that due to the charge upon the air, 
and red lead then apparently gives a positive charge, but 
the charge really comes from the air which accompanies the 
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dust. Pl. VI. fig. 4.4 shews the arrangement of apparatus. 
A disk of very fine wire gauze is supported upon an ebonite 
rod, and the streams of dust directed against it from the bottle. 
The wire gauze is connected to an electr oscope. 


Summary. 


(1) Nearly all kinds of finely divided material when blown 
into a cloud of dust by a current of air, give rise to electrical 
charges upon the dust and upon the air. 

(2) The nature of the charge resident upon the dust 
particles depends upon the chemical characteristics of the 
material. 

(3) In general, the charge obtained upon the dust is 
opposite to that associated with the “ion” of the same 
substance when in solution, 7.e. strongly basic bodies give 
NEGATIVELY charged dusts, and strongly acidic bodies give 
POSITIVELY charged dusts. 

(4) In the case of salts the charge apparently depends on 
the relative strengths of the acidic and basic ions. 

(5) Similarly constituted bodies give similar charges. 


LUI. A New Micromanometer. By J. D. Fry, Lee- 
turer and Demonstrator in Physics in the University of 
[ESI 0 Pipe ne 

ij 

‘hee following is an account of a new micromanometer 

which has been designed by the author and which is 
now in use in the Physics Department of the University of 

Bristol. 

The principle of the instrument is simple. The difference 
of pressure to be measured is applied to the two sides of a 
stretched circular membrane. It is arranged that the centre 
of the membrane by its displacement twi sts a mirror which 
is suspended in a special manner, the pressure difference 
being finally indicated by the deflexion of a spot of light on 
a scale. 

It is clear that with certain slight modifications of con- 
struction a manometer working on this principle may be 
adapted to the measurement of “small differences of pressure 
at any absolute pressure. The form herein described has 
been designed for use at atmospheric pressure. The con- 
ditions governing the sensitiveness of a gauge of this type, 


* Communicated by the Author, 
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its construction, and its calibration are discussed below ; but 
it may be mentioned at this point that in its most Veiree 
form the new manometer possesses a sensitiveness at least 
ten times that of any micromanometer previously described. 

The displacement of a stretched membrane is dependent 
on (1) its tension ; (2) its stiffness. In order that the dis- 
placements may be proportional to the pressures applied, it 
is important that of these two factors the tension should 
predominate. To achieve this it is necessary to use a very 
thin membrane and to arrange that the tension to which it 
is subjected is considerable. 

If the stiffness may be neglected and the displacement be not 
too great, the tension will remain constant : the displacement 


is then equal to where p is the pressure difference 


between the two sides, 7 the radius of the membrane, and T 
the tension in the membrane. 

The selection of the membrane to be used will depend on 
the order of magnitude of the pressure differences which the 
manometer is required to measure. The following substances 
have been tried :— 

Thin sheet-rubber.—This was the first substance to be used. 
It provides a membrane of extreme sensitiveness, but it is 
not possible to put it under sufficient tension to eliminate 
entirely a drift of zero, and it is for this reason unsatis- 
factory 

Goldbeater’s skin.—This has a thickness of approximately 
0:0025 em., but cannot be obtained in sufficiently large sheets 
to be of much service. 

Cyclostyle paper.—Being both thin and impervious to air, 
cyclostyle paper is a satisfactory membrane when the highest 
sensitiveness 1s not required. 

Thin copper.—Copper sheets cannot be obtained much 
thinner than 0-004 cm., but membranes of this thickness, 
or even greater, may be employed with advantage for the 
measurement of comparatively large pressures. 

‘“¢ Badische.’—For the indication of the smallest pressures 
this is so far the most suitable membrane which has come to 
the author’s notice. Itisa thin animal membrane, and has 
been supplied by Messrs. Ferris & Co. of Bristol. It may 
be obtained in sheets about 25 cm. square and is considerably 
thinner than goldbeater’s skin, some sheets having an average 
thickness of about 0°001 cm. By coating this. membrane 
with a thin petrol-resin varnish it is rendered impervious to 
air. 
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Construction of Manometer. 


The final form of the manometer is shown in fig. 1. The 
membrane a is stretched and clamped between two circular 


Fie, 1, 


cast-iron rings 6. ‘The method of uniformly stretching and 
clamping the membrane varies with the different materials 
used. 

Method G.). For use with thin metal sheets or cyclostyle 
paper :— 

In one of the circular cast-iron rings a circular V groove 
is turned, and on the other a corresponding V_ projection. 
The membrane on being placed between the two rings, which 
are subsequently bolted together, is thus stretched as well as 
clamped. 

Method (ii.). For use with the animal membrane :— 

One of the rings has its temperature raised to about 80° C, 
and its surface covered with a thin layer of “ picein *,” 
which is plastic at that temperature. The membrane is then 
placed in position and uniformly stretched. In this con- 
dition its surface is carefully damped all over with a wet 
sponge. ‘This causes the membrane to expand and become 
slack ; the slackness is removed by gently pulling at the 
circumference, the “ picein” being sufficiently tacky to keep 
it adhering to the ring during this process. ‘he second ring 
is then placed upon the first, and the two are firmly bolted 


* Walter, Ann. d. Physik, Bd. xviii. p. 860 (1905), 
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together. In the process of drying the tension considerably 
increases, and when the membrane is thoroughly dry it 
presents a uniform taut surface. The petrol-resin varnish 
is then applied. 

The special attachment for the measurement of the pressure 
is set up in the following way :—In front of one face of 
the membrane a light mirror m is hung by a quartz bifilar 
suspension, the points of support of which are not at the 
same level. Thus one fibre is attached to a short style 
projecting from the centre of the membrane, and the other 
fibre to a point above it which is rigidly fixed to the iron 
ring. When a small difference of pressure is set up between 
the two faces of the membrane, the style follows the motion 
of the centre, and the mirror is rotated througha small angle. 
The angle of rotation for a given pressure difference depends 
on the horizontal distance S between the two points of 
support of the mirror ; the manometer is therefore mounted 
ona metal base fitted with levelling screws, and by means 
of these S and consequently the sensitiveness of the gauge 
may be varied over a wide range. The upper limit of 
sensitiveness is reached when § is practically zero and 
instability sets in. 

Disks of plate glass Care cemenied to recesses which have 
been turned one in each casting. In this way an air-tight 
chamber is obtained in front of each face of the membrane. 
Glass tubes d, cemented to holes through each ring, enable 
excess pressure to be applied to either chamber. 

In testing for leak through the membrane a soap-bubble: 
affords a very convenient means of detection. The manometer,, 
being rendered sufficiently unsensitive, is connected on one: 
side to the interior of a hemispherical soap-bubble blown on: 
a flat plate, the other side being left open to the atmosphere.. 
This produces a deflexion on the instrument which, in the: 
absence of leak, remains steady, but which increases if the 
bubble grows smaller owing to passage of air through the 
membrane. 

In dealing with small pressure differences, it is found 
necessary to make all the connexions with tubes of reason- 
ably large diameter, since with tubes of small bore effects: 
due to viscosity become troublesome, and the manometer: 
takes a considerable time to attain its final reading. 


Calibration of the Instrument. 


The instrument is obviously one for which the constant 
cannot be found @ priori. It has therefore to be calibrated, 


Phil. Mag. 8. 6. Vol. 25. No. 148. April 1913. 2M 
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and for this purpose it is necessary to apply to it a series of 
very small known differences of pressure. ‘The author has 
found the following method convenient for this purpose :— | 

The two limbs of an inverted U-tube (fig. 2) containing 
air are kept at a fixed difference of temperature. ‘This causes 


a small difference of pressure between their lower ends if the 
latter are connected to opposite sides of the manometer. 
This U-tube with its jackets is mounted on a board hinged 
so that the plane of the U may be inclined at any angle to 
the vertical, thus making it possible to obtain a series of 
pressures ranging from zero when the limbs of the U are 
horizontal to a maximum when they are vertical. 

The complete expression for the difference of pressure 


applied is then :— 


B B 
pa Bein aes cos 0; 
where 
LAolog 
K= 760 °° 


L=Length of each limb of the U-tube, 
Ao= Density of air at N.P.T., 
B= Height of barometer, 
T, and T,=The absolute temperatures of the two limbs, 
6=The angle at which the U-tube is inclined 
. to the vertical. 
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In one of the calibrators used in obtaining the calibration 
curves below, the limbs of the U-tube were 15 cm. long and 
the temperatures of the two limbs were 0° ©. and 15° C. 
respectively. This gives a pressure difference of about one 
dyne per cm.’ with the U-tube in a vertical position. 

Curves I. and II. show calibrations of the same manometer 


Curve I. 


under different conditions of sensitiveness. The pressures 

are in dynes per cm.?, and the gauge readings deflexions of 

a spot of light on a centimetre scale placed one metre from the 

instrument. Curve I. was obtained with the manometer in 

an unsensitive condition, the application of a pressure differ- 

ence of ‘1 dyne per cm.” producing a deflexion of about 
2M 
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12°5 cm. on the scale. Curve II. was obtained with the 
manometer near the limit of its working sensitiveness, and 
shows deflexions of the order of 75 cm. per dyne per cm.?, 
so that pressure differences as small as a thousandth of a 
dyne per cm.? may be readily detected. 

The form of calibrator described above is one which 
obviously enables the manometer to be used as a zero instru- 
ment, the manometer acting as an indicator and the pressure 
differences being obtained from the calibrator. 


Curve II. 
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The following table gives references to various recognized 
types of sensitive manometer, and serves as a rough com- 
parison in relative sensitiveness. For the purpose of this 
comparison the numbers in the last column have been deduced 
from the available data, and are all expressed in the same 
units. They can only be regarded as approximate values, 
as it has not been possible in every case to determine from 
the published records the value of the smallest pressure 
which the various instruments are capable of detecting. 


Corrections in a Newton’s-rings System. 5OL 


Type. Principle employed. Reference. aees ease oa Sno: 
Hayleizh ......... Tilting mereury U-tube. | Phil. Trans. A 196,| 0-68 dyne percm.* 
p- 205 (1901). 
Morley & Brush . - is Ms Aimer, Journ, Sel. kiwis) oy ls eee 
June 1902. 
invelfall ......... Micrometer screw ad-| Inst. Mech. Eng. Proc.| 05 dyne percm.? 


justments to surfaces| Feb. 1904, p. 273. 
of water U-tube. 
ICRI 0.5... | Tilting mercury U-tube | Ann. d. Phys. xxi. 1906.| 0°3 3 5 
| with electrie contacts. 
Scheel & Heuse.... Metal diaphragm with | Deutsch. Phys. Gesell.| 0-1 3 ‘ 
| interference fringes. Jan. 1909. 


Chattock & Fry...) Tilting water U-tube | Stanton, Proc. Inst. C.E. | \ 
with benzene bubble | clvi. 
indicator. | 
Morrow, P.R.S. A 76, 
1905. \ 
Chattock & Tyndall,| f°! » ~ » 
Phil. Mag. xix. p. 450 
(1910). | 
Fry & Tyndall, Phil. 
| Mag. xxi. p.348(1911). | / 
ots eee Diaphragm. 0:001 _,, %3 


Experiments on a manometer of this type for use at low 
absolute pressures are now in progress. 


University of Bristol. 
Jan. 19153. 


LIV. On certain Small Corrections in a Newton’s-rings 

System. By AtLAN Fercuson, B.Sc. (Lond.), Assistant 

Lecturer in Physics in the University College of North Wales, 
tk. Bangor. 


iL the progress of some experimental work which demanded 

the production and examination of asystem of Newton’s 
rings formed under oblique incidence, it seemed _ that 
measurements of the diameters of the rings—which, of 
course, viewed under oblique incidence appear elliptical— 
would furnish an accurate and easy method for the deter- 
mination of the angle of incidence. 

For if the rings be viewed through a microscope provided 
with independent vertical and horizontal scales, and the 


* Communicated by Professor E. Taylor Jones. 
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minor axes of the ellipse be measured on the vertical scale, 


then, as the figure shows, 
ie. 1. 


adel 
laye ve= ae 

if we assume that the rings are truly circular, and concentric 
with the point of contact of the surfaces between which they are 
formed, so that ab may be assumed to be given by the 
measurement of the major axis of the ellipse. 

Such a method is probably more satisfactory than those 
which depend on the measurement of the inclination either 
of microscope or collimating system, but its use obviously 
depends on the correctness of the assumption italicised 
above. 

This assumption again depends on the manner in which 
the equations of the ring-curves are formed. It is a re- 
markable fact that, even in the definitive treatises on the 
subject, it is tacitly—or, as for example in the case of 
Airy’s ‘“ Undulatory Theory,’ overtly—assumed that the 
parallel-plate formulee can be used without modification, and 
this, despite the fact that there is a somewhat extensive litera- 
ture dealing with the subject *. The papers cited below deal 
fairly exhaustively with a variety of points of importance— 
e.g. the exact shape of the interference surfaces, and the 
plane in which the fringes are formed—but the expressions 
arrived at are somewhat cumbrous in form, and not well 
adapted for practical use. 

The variety and importance of the measurements of 
physical quantities which depend on the production of in- 
terference systems, are such as render it desirable to put 

* See e.g., Wangerin, Poge. Ann. cxxxi. p. 497 (1867) ; Feussner, 
Wied. Ann. xiv. p. 564 (1881); Sohncke and Wangerin, Wied. Ann. 
xii. pp. 1 & 207 (1881), and Wied. Ann. xx. pp. 177 & 391 (1883) ; 
Mascart, Traité d’ Optique, i. pp. 439 seqq. 
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into convenient form the more important of the above- 
mentioned corrections. 

In the analysis here given a different course is followed. 
Whilst only attempting to provide a first approximation, it 
is hoped that it will show clearly the conditions under which 
the parallel-plate formule can be used, and the magnitude 
of the correction to be applied in the cases of practical im- 
portance where the use of the parallel-plate formule is not 
legitimate. ; 

Suppose, then, that we have a plano-convex lens resting 
on a plane reflecting surface. The central assumption 
usually made is that ¢, the angle of incidence of the light 
on the lower reflecting surface, is, to the first order, the same 
as the angle of incidence 2 of the light on the upper plane 
surface of the lens. In which case the well-known relation 


ZVCRCOS DUN eS ia! Soh oh GED 
gives at once for the radius « of the nth dark ring 
o? = Kind sec 2. 


For our purpose, it will be sufficiently exact to determine 
g@ as a function of 7, and to substitute the value of cos ¢ so 
obtained in the equation 


2me COS P=NX. 
Big: 2, 


y Y 


Two cases are of special interest. 
Taking rectangular axesas shown (fig. 2), let light be incident 
at an anglezon the upper surface of the lens in a plane 
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parallel to the plane of zy. We shall consider the magnitude 
of the correction to be applied for light which, after re- 
fraction at the upper surface of the lens, is incident at the 
symmetrical points P and P’. 
Let R be the radius of the lens-surface and « the radius 
of the nth dark ring, and Jet us assume in what follows that 
2 


= and tan? yy (tan y= are negligible compared with 
unity. Taking first the case in which the refraction occurs 
at P, we have from fig. 3 


and =i —d¢. 
Also, if the origin be at O, 


w? 4-y°—2Ry=0, 


and therefore NOES 
aah ee P TPN TE 


olving y a 
ca Mg sin y= BR =P say: 
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Again, 
J—o=ir—tanr=—sm =p... . (iil) 
to the order considered, which, combined with (ii.), gives 
r'=r-+ p. 
Hence 
sin 2’=N sin 7’=N sin(p+7) =N(p cosr+sin7). 
Similarly from (iii.), 
sin i!=sin (p+¢)=pcos ¢+sin ¢, 
and therefore pcos@+sin@d=N(pcosr+sinz), 
which, solving for cos @ and reducing, gives 


cos b=cosi+ 7 sini 1— / N?—sin" . : 
R U Cost 

Hence cos @ is not equal to cos2, but is subject to a small 
first-order correction. It is important to notice that the 
correction vanishes to the first order for normal incidence. 

Turning now to the case (fig. 2) where the ray is incident 
at P’,a point in the YZ plane, the direction-cosines of the 
ray after refraction at the plane surface of the lens are 


(,==sin 7, Mo=COST, (OF 
If the tangent at P’ makes an angle W with OZ, the direction- 
cosines of the normal at P’ are 
p=0, gq=cosy, 7’=cos (90°+W)=-—sin yp. 


Then if ¢, and, be the angles between the ray and the 
normal before and after refraction at P’, J;, m3, nz the 
direction-cosines of the ray after refraction at P’, 


cos d= mq’ =cos r cosy, 
COS dy == mz COs —ns SIN W. 


From the general formule for refraction, where wu and p’ 
are the “absolute” refractive indices for glass and air” 


(so that er =). 


Bl, —p'ls =(p cos di— be cos ho)P's 
pm, — w'm3= (cos di — w' cos go)q', 7. - 5 (iv.) 
png — b'nz = (wcos d;— p’ Cos do)?". 

* Heath, ‘Geom. Optics,’ p. 21. 
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From the first of these we have 
ply— p'ls=0, 
and therefore l.== sim 7, 


Hence 


mse png t—le=1—N? sin? |. 7. ae 
From the second or third of (iv.) we obtain 
ms sin +n; cos wW=N cos sin. 


Substituting this value of n3 in (v.), we obtain, if tan? 
be negligible compared with unity, 


m3”? = 1 — N? sin? r=cos? 1. 


If, then, @ be the angle between the ray in the film and a 
line parallel to OY whose direction-cosines are therefore 
0, 1, 0, we have from the usual formula 


COS b= M3 = COS 1. 


It seems, then, that the correction, which is of the first 
order in the plane of XY, and only vanishes there at normal 
incidence, is of the second order in the YZ plane, vanishing 
there for all angles ot incidence. These results are in 
substantial agreement with those of Wangerin *. 

If it be desired, therefore, to eliminate first-order cor- 
rections, the analysis points to the following experimental 
precautions. («) Hither the light must be used at normal 
incidence, or (@) if obliquely incident light be used, mea- 
ae 
R 
small compared with unity. But, in this case, it is only to 
the measurement of diameters in the plane of incidence to 
which this restriction applies. Even with oblique incidence 
the diameters of the rings measured perpendicularly to the 
plane of incidence are only subject to a second-order 
correction. 


surements must be restricted to those rings for which is 


* Loe. cit. 
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LY. On the Theoretical Shape of Large Bubbles and Drops, 
with other Allied Problems. By ALLAN Ferauson, B.Sc. 
(Lond.), Assistant Lecturer in Physics in the University 
College of North Wales, Bangor*. 


[Plate VIIL] 


F the various methods that have been proposed, from 
time to time, for the measurement of capillary con- 
stants, those which depend on the measurement of the 
dimensions of bubbles and drops hold an important place. 
The results obtained by the practice of these methods are 
not, however, free from uncertainty, and it forms one of the 
objects of the present paper to point out how some sources 
of error may be avoided. Formule are also developed by 
the use of which it is hoped that reliable measurements of 
surface-tensions may be made by studying the form and 
dimensions of drops and bubbles of all sizes. 

In a recent paperf the writer has pointed out a method 
by which the first integral of the differential equation of the 
capillary surface in external contact with a cylinder of large 
radius may be obtained. The methods there employed may 
also be used to determine the approximate shape of large 
bubbles and drops. 

The classical investigation on this subject is that of 
Poissont ; the analysis given below is more simple and 
direct, but leads to results which are in substantial agree- 
ment with Poisson’s, although, as the analysis will show, 
the small correcting term in the expression for the diameter 
of a large bubble or drop differs slightly from that given by 
Poisson. 

A very close method of approximation to the outline of the 
capillary surface under gravity is that developed by Bashforth 
and Adams§, but the labour involved in the development 
renders it almost prohibitive as a practical method. It is 
hoped that the results of the present analysis will point to 
methods that are both reliable and reasonably rapid. 

Let us take, then, as our first problem, the determination 


of the depth (q) of a large bubble of radius 7, as shown in 


* Communicated by Prof. E. Taylor Jones. 

+ Phil. Mag. Dec. 1912, pp. 837 seqq. 

t ‘Nouvelle Théorie de l’action capillaire,’ pp. 212 segg. 

§ Bashforth and Adams, ‘ Capillary Action.’ (Camb. Univ. Press.) 
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fig. 1, measured from the plane of greatest horizontal section 
to the vertex of the bubble. For greater exactness, we 


Fig. 1. 


assume that the bubble has a large but finite radius of cur- 
vature pw, at the vertex O. The march of the argument is 
exactly as in the paper cited*, and the main steps therefore 
only are given. 
At the point P, the differential equation to the surface is 
i dy eee ee 


aN ly aie 
Substituting for R, and R,, and transferring the origin to 
O', we obtain 
POD: Ge Eaap 


a ae 2 
Ax r ax 


ap a) __ 2a" 2)3 2a*w 1+-7)2 
+ OS Pe 


og , 

Sahib +p ji" (1 +7 )t,.. . 

Putting « equal to « in (i.), and substituting the approximate 

value of a oe so obtained in the second term on the left- 
x 


of (i.), we have, after a few r 1 similar 
hand side of (1.), we have, aft f eductions similar to 
those already given J, 


a*p dp Rar: ae Qa? a , 
(1+ p?)? dy MONS lb =, . «Many 


giving, when * is infinite, 


* Phil Mag. Dec. 1912 (hereinafter referred to as /. ¢.). 
T L..¢.' pr 84lt 
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As before* we have, very closely, 
NEP sy Wea 8 
V1l+p? Zar ; 


which, substituted in the small term in (il.), gives on 
integration 


yo (Aa? —y?)s 2a? Aq? 


1 UO 
a Fe) =% a omni? at ye Teas Coe 


when y=q, p=®, giving 


putting g?=2a? in the small term involving r 
Tf we adopt Poisson’s notation, in which 


we get 
2a" q a 
pb 


In most practical cases the bubble or drop may be taken 
: y 
plane at the vertex, in which case we have 


ap=aet sr V2-1).. . . (iid) 


eR aR ya: 
ay a aa 2—1) 


ne » 606 ve 
=) =H MAUMEE Gees y's), at lui) 


Following the second method of approximation of the 
paper cited f, and assuming the bubble plane at the vertex, 


we obtain, taking account of sign, 


db 1 y 


dy aa a? sim, di? 


which gives as before, proceeding by the method of variation 
of parameters, 


Greet. Ge. C : 
ydy = > Sip —<foos Jae. SUE i Co.) 
* L.e. p, 841. 
Tt ZL. ¢. p. 842. 
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Su yee GPa ; 
ee ; 
Neglecting the term involving 3 and integrating, we have 


C 
Os — (1- COs “) 


Substitute this approximate value of y in the small second 
term on the right-hand side of (iv.) and integrate, when we 
obtain 
8a°, .8a* C 2 C 
POS a oped ean ae me OO OO pg ee 
y" =2a (1 cos) + a 5 cos (1 3 COS x) 


which values, substituted in the above equation, give, after 
a few reductions, 
; | 8a8_ 8 2a? 
2 — Qa? ey cl ei ca 
d w(14+4) 4 3r Vaugee 
Gg 
re 


assuming that *, is small compared with unity. So that, 


finally, putting g?=2a? in the small terms, we have 


27 2a 8a? < 
2—9 2 mae Cine 
P= 20? + —— i ( /2—1). 
Putting, as before, a,?=2a”, this becomes 
Cae 
a =a — 609 : e e ° ° e (v.) 


in good agreement with equation (i.). Poisson’s analysis 
results in 


3 
a= 9’ —*606 a : 


rv’, however, is not the greatest radius of the bubble, but is 
given by ‘ 

=r (/2—1)ay,*. 
The difference is small but appreciable. £. g., Poisson 


gives, in a calculation referring to the depth of a large drop 
of mercuryf, 


y=90 mm., 7’=51'083 mm. 
It is a curious fact that some experimenters who have used 


* Nouvelle Théorie, p. 216. 
+ Ibid. p. 219. 
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Poisson’s formula have interpreted 7 as being the radius of 
the bubble in the plane of greatest horizontal section. Their 
results, therefore, happen to be in accordance with equation 
Gil.) of the present paper, but would differ slightly from 
results computed on the basis of Poisson’s formula. 

We now proceed to formulate in a similar manner the 
expressions which give the total depth (£) of a large bubble 
or drop in terms of its capillary constants. 

Let fig. 1 inverted represent a large drop of mercury 
lying on a horizontal surface. The differential equation to 
the surface at P, a point on the meridional curve between 
the plane of greatest horizontal section and the surface on 
which the drop is sessile, will be 


if 1 k-y 


ant eae 
Proceeding as in the formation of equation (i.), putting 


r= in the resulting equation, and substituting in the small 
terms as before, we obtain 


2 


i es ae | 
(1+ p?)? dz rV1+p By Tahmied arse ic ¥allc ) 


where zis put for k—y. 
Put = in (vi.) and integrate, when 


2? = 2a7(1+ —— 
V1+p?/]? 
remembering that 2?=q?=2a? when p=a«. Hence we 
obtain 
Mula Gian a 2/ Ag?— 2? 
J1ltp? Zoe 


which, substituting in the small terms of (vi.) and integrating, 
gives 


a ee ei Gammel hay 5 ui 
TS ae le ee ba ON Sahin Deeb aya 
let oa nes ; + G,, (44 2") Gn (Ae 1)* 


determining the integration constant from the fact that 
z=q when p=o., 


When y=0, 7. e. when z=h, p= tan dy, giving 


] ¢ 2) 3 af 
2a? cos =k? —g? + 3, (40° —k?) 3 — 3. (4a? — g*)%, (vii.) 
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Also, as we have seen, 


9 a3 ty 
ale + {4/2} =a approx). 


Substituting the exacter value of g in the important terms 
of (vil.). and the more approximate value in the small term, 
we obtain, after a few reductions, 

? Pa Ste AO ain | a uN 
2a?(1— cos) =k? — Set ae (4a?—k?)3, . (viii.) 
where w, the angle of contact, is the supplement of ¢. 

Putting the approximate value 


k? = 2a? (1— cos o) 


in the small term on the right-hand side of (viii.) we obtain 
finally, 
ji? = 4a? sin? 2 —(1- cos?) (ix.) 
2 Hi, eat 2) i ae 
which in form agrees exactly with Poisson’s result, but, as 
in the case of equation (ii.a), will give slightly different 
numerical values, owing to the different interpretation of 
the length +. 
We turn now to the explanation of a method which, while 
_ rather more laborious, is, on some counts, preferable to those 
which depend on the application of formule (1ii.), (v.), and 
(ix.). It has further the advantage that the formule deve- 
loped can be applied either to large or small drops and 
bubbles. A photograph of the drop or bubble is taken, and 
its contour explored in a manner previously described by the 
writer*. Taking the case of a pendent drop, and considering 
the equilibrium of the portion below the plane ABCD (fig. 2), 


we have, resolving vertically, 
a 
2x47 sin db=gp(h—yer + Tal w*dy. 
0 
Resolving horizontally for the portion BOCD, 
Y Nn 
2x,T cosp+2gph ( wv iy —29p( xy dy=Ts. 
0 0 


Whence, eliminating gph between the above equations, we 
obtain 
p— IP 2Cxr~+AB—Ax?y, VL ee 


“2, U2A sin b + 2ay? cos —azys J? * 


* Ferguson, Phil. Mag, March 1912. 
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where, for brevity, 


1 E Yi Yi. 
= xydy, B={ way, As| 2udy, 
0 0 0 


and s is the length of the are AOB. 


Suppose, then, that the coordinates of a large number of 
points on the photograph of the meridional section of the 
drop are measured off, and referred to the vertex as origin. 
Three curves may then be plotted out—one having the 
values of w and y, a second with the values of «? and y, and 
a third with the values of wy and y, as abscissee and ordinates: 
respectively. The areas of these curves, taken between 
proper limits, will then be proportional to the integrals A, 
B, and C respectively. These areas can be measured with 
considerable accuracy either by square-counting or by the 
planimeter, afterwards being reduced to their proper values 
from a knowledge of the magnification. The length s of the 
arc AOB may be measured either by a rotating wheel, or by 
fitting a flexible rod to the curve. 

If the point (z,, y,) be chosen so that the tangent is vertical, 
equation (x.) simplifies to 


__ 9p sear paen an 7 
oe Ly { 2A—.x 5 smilie Gash AEN) 


a form convenient for the measurement of small drops. 
But if the drop or bubble be so large that its surface may 


Plul. Mag. 8. 6. Vol. 25. No. 148. April 1913. 2N 
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be considered plane near the origin, formule (x.) and (x1.) 
simplify considerably. Thus, let fig. 1 inverted represent, . 
say, a large drop of mercury sessile upon a horizontal sheet . 
of glass. Considering the equilibrium of the upper portion 


1 
HOK, we have at once, where B= ( x dy, 
0 


T= 2! {22y,—Bl,. . . oar 
AV, : 


a very simple equation to determine T. 

Further, if we consider the equilibrium, for horizontal 
forces, of the portion of the drop to the right of the vertical 
section OD, we obtain 


T(2acosm@+s)=29gpC,. - . . (&ill,) 


where C has the meaning previously assigned, s is the length 
of the are AOB, and a is the radius of the small circle of 
contact of the drop with the horizontal surface. Hqua- 
tions (xii.) and (xui.), taken together, suffice to determine 
both T and o. 

The equations developed above, with slight modifications, 
will serve for the determination of interfacial surface-tensions. 
Suppose, for example, we have a large drop of one liquid 
formed within another. Equations (ii.b) or (i1i.) are then 
directly applicable, if it be understood that 


i 27 

~ g(pi= Ppa)’ 
where p, and p, are the densities of the fluids under con- 
sideration. If, on the other hand, we follow out the line of 


argument which resulted in the formation of equation (xii.), 
we find that 


ay 


t= oe [piD—p.a1’y1— B(pi1—po)], 


where 
ry 
D= ya. 
J0 


and may be evaluated by the methods previously discussed. 
Before turning to the experimental side of the question, it 
should he noted that we can, in the case of large bubbles or 
drops, obtain a close approximation to the outline of the 
meridional curve bv again integrating the first integral 
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already found. Thus from equation (il.a) we have 
ry Yq. (4a? 7)? Aa 
pe ag RN tr 2 ae 
V1+p:, 2a? 6a?r or 
assuming, to avoid cumbersome algebra, that the radius of 
curvature at the vertex is infinite. Solvi ring this equation for 
vee p”, and squaring, we obiain, after some reductions, 
pee (Anta) 8at{ 8a3—(4a2—1/?)?} ] 
Sea (dale Py 3ryP Qe —/)(40—7) |’ 
neglecting terms involving r~? and higher negative powers 


of r. This gives at once, to the same order of approxi- 
mation, 

de 1 2a* —y? 7 32a’ —4a* (4a? —y?)? ] 

dy p y/4d'—7 | 3ry?(2a2—y?) (4a? —y?) J’ 
whence we have 

© 2a? — 7? 32a! Aat 
ae y/ 4a? —y? Bi ory” (4a*— 7)? iis za dy, 

which, putting 


? 


y = 2asin 0, 
gives 


* dé dé 2a* 
ak O=al sinO 2a {sin fhe 3r Le 6 cos? 8 *% 3ry? ‘ 


This gives at once 


2a 
aa ee ie + Vda? —y? Veet 
2 Iq? Bee Dae Be | 
ea [- 2a%/4a?—y? + a(3y?—4a?) ibe y foto siiy 
or pr/ 4a? —¥ 2 °2a+/ sae —¥P ae 


which, as it should do, reduces, when * is infinite, to the 
usual expression for the equation to the capillary curve 
formed by the contact of a liquid with a plane wall. 

ss The integration constant is determined from the condition 
«=O when y=q; and substituting in the small terms for g 
its approximate value a 1/2, we have finally 


y 2a+r/ 4a? — ¢ =t 
q 2a+/4a?— 7 
Bes ete i + (3 te Ji+1 
or ypr/ 4a? — 4? / 2 
AN 2 


xk=«alo og -+V 40? = 7 ah f 2_./ 4a? — gq’ 
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We now proceed to give some experimental illustrations 
of the above formule, choosing water as the fluid for exami- 
nation. It should be premised that, in spite of all the 
experimental work that has been done on the surface-tension 
o£ water, it cannot be claimed that the value of this constant 
is known even with an accuracy of one per cent. Restricting 
ourselves to the determinations made during the last twenty 
years, we find values given for the surface-tension at 12° C. 
ranging between the limits 71°7 and 77 dynes per cm., with 
a grouping of the majority of the results round 73 to 
75 dynes per cm. 

It is not necessary to indulge in any lengthy criticism of 
the methods used. It may be pointed out in passing, that. 
methods which involve any assumptions as to the magnitude 
of contact-angles are obviously open to error, and that 
measurements of capillary ripples are on several counts 
open to criticism *. On the whole, measurements of bubbles 
and drops seem to be least open to criticism. 

The majority of experimenters along this line have made 
actual measurements of the bubble or drop itself. To the 
writer it seemed preferable to photograph the bubble or 
drop, afterwards making measurements on the photograph. 
Such a method seems preferable for several reasons. The 
surface is exposed only for a minimum time, the magnifi- 
cation is increased, giving a corresponding increase in the 
accuracy of the reading, and a permanent record of the drop 
or bubble is made, which can be checked at any time. 

In the apparatus used by the writer, the drop was blown 
under a funnel placed vertically in a rectangular glass 
trough with parallel sides. The size of the bubble could be 
very exactly regulated by means of a tube and pressure-bulb 
attached to the funnel. The bubble was iliuminated by 
means of a beam of light from a filament lamp and con- 
densing lens, which beam impinged horizontally on the 
surface of the bubble, this latter condition being insured by 
means of several narrow rectangular apertures placed hori- 
zontally through which the beam passed. 

The plate (PI. VIII. fig. 3) shows some typical photographs. 
A shows a bubble 35 mm. in diameter, which is rather too 
small for the application of equations (11.4) or (ii.). Band 
C show a larger bubble, over 50 mm. in diameter, at different 
stages of extrusion. D and E show pendent drops of much 
smaller size (4 mm. in maximum diameter) formed under 
different pressures. ‘To quote a few measurements, we have 
the following results from bubble B (the measurements 

* See, in particular, Bohr, Phil, Trans. A. 209 (1909). 
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were made by means of a travelling microscope provided 
with vernier scales running parallel to the w and y axes, and 
are, unless specified to the contrary, given in centimetres) :— 


Fluid: tap-water. Temps. 87; 
cm 
== | (ome per e.C. == Jos = 
iM Sat { J sec,” 


Mean vertical distance (q) between plane 
of greatest horizontal section and vertex 


of bubble, measured on photo =  °899 cm: 
Mean maximum diameter of bubble =11°277 ,, 
Mean diameter of funnel on photo Sonne, 
Mean true diameter of funnel a ae 
: __ *899 x 5°443 
.. True value of g= 19-083 == 4 40515) 

t1-27 7 x 5-443 2 
True value of r= 2x 19-083 == 2540. ,, 


Hence, employing the equation 
3 
a=? —"606 oa ; 


and solving for a? by the method of successive approxi- 
mations, we find that 
Oy = 1-5 02's 
and therefore 
14 2 q 
Te 1502 x 981 73-65 dynes : 


2 em. 


This result is in close agreement with the result obtained 
from measurements of the radii of curvature and pressure of 
smal] pendent drops made some time ago by the writer ™, 
which measurements gave 

ie = hoot 


dynes 
cm. 


) 


and is also in substantial agreement with the value obtained 
recently by Bohr from measurements of the stationary waves 
formed on a vibrating jet of liquid f. 

We give now an example of the planimetric measure- 
ments suggested above, choosing, for the purpose of experi- 
mental illustration, the most difficult case—an application of 


* Phil. Mae, March 1912. 
{ Bohr, 7. ¢. 


518 Mr. A. Ferguson on the Theoretical 


equation (x.). With drops large or small, provided they 
exhibit a maximum point at which a vertical tangent may 
be drawn, little difficulty is experienced in hitting off the 
precise coordinates of the point at which the tangent is 
vertical. Measurements involving the use of equations (xi.) 
and (xii.) are quite straightforward, and an example of the 
use of (x.) will serve to exhibit the minimum trustworthiness 
of the method. 

All measurements were made by an “.a2-y’ microscope, 
as described above, the vertex of the drop being taken as 
origin. 


Details. 
Fluid : tap-water. Temp. 11° C. 
TABLE I. 
eo y vy oe 


3°606 | 1°7155 | 6-187 13:00 
Solo) l:6laa > 672 12°36 
3115 | 1:2235 | 3814 9:703 With similar figures for 
2°715 "9055 | 2:458 7371 negative values of x. 
2°315 “6515 | 1°508 5:359 
1915 "4285 "8209 3°667 
1515 "2705 “4099 2°295 
Hen "1435 "1600 1:243 
"715 ‘0605 "0433 5112 
315 "0135 0043 0992 


Magnification of drop on photo=16-07. 
At the point for which $=45°, 


tio 00R. y,=1°600. 
Hence, true values of 2, and y, are given by 
3°502 1:600 3 
a — i) _— —_: ‘ 
TROT Te |) ee me 


A curve between « and y was plotted on squared paper, 
and its area between the proper limits as fixed by the points 
(v1, y1) and (—.,, y,) was measured by the planimeter and 
was found to be 381 sq. cm. 

Also 1 sq. em. on paper=‘02 sq. em. on photo. 

Hence, 


381 x °02 


= 6-07)? = °02952. 


true value of A (vide equation (x.)) 
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Similarly, by plotting a curve between x? and y, estimating 
its area (99°72 sq. cm.), and taking account of magnification, 


D902 OL 


Similarly, the curve between ay and y (area 72°64 sq. cm.) 
gave 
C= 72°64 x °05 
TOOTS 


Finally, 
s, as actually measured on squared paper=2 x 7°847 inches. 


And since 1 em. on graph=*2 em. on photo, the true 
value of s on the drop itself 
_ 2X 7847 x 2°54x 2 


= 16-07 =°4960 cm. 


These values, substituted in equation (x.), give 


981 x 1-461 
"218~x 84 


] 


T= = 76°) dyne-cm.~’. 


This result, though higher than those obtained by the 
other methods described by the writer, yet falls within the 
limits of the varying results made by different experimenters, 
as previously quoted. And, if it be remembered that this 
particular drop (HE in fig. 3) is very small—its maximum 
diameter being about 4 millimetres—and, further, if the 
necessary uncertainty in the determination of @ be taken 
into account, it is fairly reasonable to assume, especially if 
the small drops will allow of the use of equation (xi.), that 
such planimetric measurements will give results that can 
be relied on in cases where it would be difficult to obtain 
measurements by any other methods, e.g. in the case of 
molten metals, or small drops of magnetic liquids in magnetic 


fields. 


To sum up:—(1) In the present paper methods have been 
described by means of which approximations to the outlines 
of large bubbles and drops may readily be made. These 
approximations differ slightly in their correcting terms from 
those obtained by other methods. 

(2) A mechanical, or planimetric, method of integration 
has been described which is applicable to drops and bubbles 
of all sizes. 
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(3) The more frequent use of photography in such 


measurements is advocated ; and 

(4) Some experimental illustrations of the photographic 
method and of the use of the formule of (1) and (2) have 
been given. 


Experimental work on some of the systems mentioned 
above is in progress. The results will, it is hoped, be of 
sufficient interest to form the subject of future communi- 
cations. 


University College of North Wales, 
Bangor. 
February, 1913. 


LVI. On Measurements of Inductance. 
By A. O. ALLEN*. 


oA a report to the British Association in 1883 it was 

pointed out by Lord Rayleigh that there is a marked 
difference in the behaviour of a galvanometer used for null 
methods of inductance measurements according to whether the 
balance is continuous or merely aggregate; the latter case of 
course tends to give unsteadiness. The report discusses a 
particular case, and shows that two conditions must be fulfilled 
if the balance is to be continuous, but no proof is given that 
these are sufficient (as they are), and yet it might at first be 
supposed that there would be others; for the expression 
for the quantity passing along any arm of the network 
consists in general of four terms, each of which must in the 
galvanometer arm be identically equal to zero for a con- 
tinuous balance. Moreover, no general methed is indicated 
for discovering the necessary and sufficient conditions in 
other cases, if there are such conditions, and I cannot find 
that the matter is dealt with elsewhere: at all events it is 
not discussed in Gray’s ‘Absolute Measurements in Hlec- 
tricity, which contains very full details of such work. 
Lastly, it seems that in the cases where there is not a con- 
tinnous balance it would be useful to know roughly the 
duration of the flow through the galvanometer in the two 
directions successively, so as to judge whether the instrument 
is sufficiently ballistic. These matters form the subject of 


* Communicated by the Author. 
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the following discussion, and most of the ordinary laboratory 
methods are dealt with. 

§ 2. Maxwell’s original plan for comparing an inductance 
with a capacity forms a convenient starting-point, since it 
illustrates all the principles simply, although the double 
adjustment needed makes it unworkable in practice. The 
diagrams show the symbols employed: G, g are respectively 


the resistance and inductance of the galvanometer, and the 
letters x, y, z, wu denote quantities which have flowed in the 
respective arms since some initial moment. If this is the 
moment of completing the battery circuit, we have 
K-Lz=(P+B+R)¢+By—Rz, 
gz =Rae—Sy—(G+R+48)2z+8u, 
H=Bwe+ (Q+84+ B)¥+8z—S8u, 
u=KSy+ KSz — KSu. 
Integrating the first two, and putting the symbol D for the 


operation es , we find that 2, y, z, uw and ¢ are proportional 
respectively to the five determinants arising from these 
equations. But it scarcely affects the numerical results 
(since B is negligible) if the initial moment is that of short- 
circuiting the battery, and this makes the computation some- 
what simpler. If we put f for the steady current in the 
arm P, the equations are 


(LD+P+R)c—Rz—-Lf=0, 
Re—Sy—(gD+G+R+4+S8)2+8u=0, 
(Q+S8)y+S8<—Su=0, 
KSDy+KSDz—-—(KSD+4+1)u—KR/=0. 


f 
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Thus, v7, —y, z, —u, and f are proportional to 


Dp waete 0 eAqs 
= 8 ete Ee ene aS aes 
Q+S S88 —S 0 | 
KSD KSD oKsnay LKR 
aR 0 —L LD+P+R | 
—(gD+G+R+8) 8 0 R 
s ats 0 0 
KSD (KS D1) RL 0 
0 Oat De 0 
S 0 R _§ 
a 0 0 Q+s 
WKS D Jt) dcR 0 KS ae 
Dee RO) (, hea | 
0 R —S —(gD+G+R+8) | 
0 0 DEES es | 
BARI. 0 KSD  KSD 
PID e Osim e: 0 i 
R -S -(gD+G+R+8) 8 | 
) Q+5S S =s | 
0 KSD  KSD _(KSD+1]. 


Of these only the 3rd and 5th need now be considered; from 
them we learn that the 5th operating on ¢ equals the 3rd 
operating on f, viz. {KQRS(P+R)—LR(Q+S)}f. As for 
the 5th, which may be written 


LDAP Oui eek 0 | 
R 0 —(gD+G+R) S$ 
0 Q 6 _§ 
0 eet —(KSD+1)|, 


it is clearly a cubic in D, of which the roots may be called 
a, B, y, so that the complementary function for zis ~ 


ce + ce?! + c5e". 
A particular integral is found by dividing 


{KQRS(P+R) —LR(Q+8)} f by 


P+R 0 Lie 0 
R 0 G+R S 
0 Q 0 8 
0 ra ta) mi 


2 e by —(P+R)QS—(Q+8)(GP+GR+PR). If there 
is to be a continuous balance, we must have c,=c=c,=0, 


and L(Q+8)=KQS(P+R). The initial values of 2, 2, and 
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z are all zero, provided P: Q=R:8S, so that L=KP§, 
Cy Cyt C3= C14 + CB + cyy= Ca" + 628? + es’? =0, 


Or ¢;=C2=c3;=0. In this measurement, then, if a balance 
is attained at all, it is necessarily continuous. It will save 
time in dealing with other methods if we notice that this is 
because z is initially zero; that 2 and z are so is of the 
essence of the mode of measurement, of course. ‘The reason 
why we get a cubic in D is that the network comprises, in 
different arms, three repositories of energy (static or kinetic); 
the capacity and inductance of the connecting wires being 
ignored. When the conditions PS=QR and L=KPS are 


fulfilled the cubic breaks up into 
(KQSD+Q+8){(gD+G+4+R)(KPSD+P+4R)+ PS—R?} =0. 
The roots «, 8, y, with signs reversed, are of course the 
KQS 
Q+8’ 


the time-constant of K discharging itself through QandS§ in 
parallel, or of L discharging itself through R and the short- 


reciprocals of three time-constants, of which one is 


een Be) ts g Go hsiaiaer 
circuit. The other two le between Gan and cee” ith 


which, however, they coincide if Q=R=,/PS. 

At first sight it seems odd that G and g should play any 
part in determining the rates of decay in the other arms, 
although no current flows through G, but this is explained 
Jater. We may now write 

w= aye™ + aye?’ + azel + rR : 
in y and wu we must replace a, ag, az by by, bs, b3 or dy, do, ds 
respectively, and the constant term by 


AOE ARS RC TRL: 
GPR Oy 
To evaluate the constants we have the initial values of x, y, u 


and their two derivatives, viz. 


PERRO OP eR Ri eee Ri Pere 


R 
ee Ol Q = c Foe an, Pa pie 


The proportionality shows that - 
ay: b) : dy=dy: by: dg=az3: b3:d3s=Q: —R: —(P+R). 


oer 
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Further, a, —a,, @3,and —/f are proportional to 


ite, al L/(P+R) 1 eR ae 
| 3 Y —l Y —l a 
pS yee RETR) Ea PER) Syrah lah yale an, 
Preraeeeie )) 1 | ha i i 
| e % B. | | ve ps te 
(Eo) Aa Bon aye 3° ae 
and it is obvious that (taking « to denote the root 3 
the 2nd and 3rd vanish, while the Ist is a times the 
4th. Hence, finally, 
eee aay: A as 
See lige veer Q 


All the factors are present to fix two rates of decay differing 
in general from that corresponding to a, but they fail to be 
operative because the amplitudes are zero. ‘To sum up: 
the short-circuit isolates the upper half from the lower as if 
the galvanometer-resistance were infinite; the two halves 
discharge independently but at equal rates, owing to the 
equality of the time-constants of the condenser circuit and 
inductance circuit; when Q=R, there is no flow by the 
short-circuit. 

If the battery circuit is not short-circuited but broken, 
the only difference is that the root a is 


; ae ; P+Q. 
tT v=fe", y=— &, estapiearry 


The galvanometer-arm isolates the right-hand side from the 
left, as if its resistance were zero; the time-constants of 


a ie discharges are REge and an , which of course are : 
§ 3. In Rimington’s method (Phil. Mag. vol. xxiv., July | 
1887) the double adjustment is avoided, and the continuous 
balance sacrificed, by putting K in parallel with only a 
portion s of the resistance 8. The equation for z is then 


gé =Ra —Sy —(G+R+4+8) 2—su 
upon short-circuiting, and putting 


Pha a Rs _ R(Q+S8) 
4b -§Qe8=H¢ ~SQ+8—5 


for the initial values of 2, y, w,.it is evident that 2 is not 


fe 
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zero at the start, so that ¢, ¢, ¢; cannot all vanish. The 
equations for x, y, z, u are as above, except that the constant 
Lf 
ne 
of the constants vanish, and they vary in sign, so that it is 
possible for the current in any arm to be reversed; the 
proportionality between the constants no longer obtains, so 
that the reversal in the various arms is not simultaneous. 
A numerical example is given below. 

§ 4. Niven’s procedure (Phil. Mag. vol. xxiv., Sept. 1887) 
only differs in putting K in parallel with a non-inductive 
portion p of the arm P instead of in the conjugate arm S. 
‘Che remarks made in the previous paragraph apply here also. 
[ Niven recommends that a non-inductive resistance s be put 
in parallel with the coil L (of resistance 7), in case p would 
otherwise have to be inconveniently large, and adds that 
this has the effect of apparently reducing the inductance L, 


Tm 1s, = —. The cubic in D does not factorize; none 
s 


the factor being Gane This statement is quite correct 


for the circumstances to which it is meant to be applied, 
but must not be applied generally except with the proviso 
that the total current transmitted through r and s is to be 
the same as was previously transmitted through r only. In 
that case the truth of the statement is self-evident, since the 


energy in the magnetic field is times the square of the 
current. | a 

§ 5. W. Stroud’s method is superior to the two preceding, 
since it attains the same end without sacrificing the con- 
tinuous balance. He interposes a fifth resistance T between 


the battery and condenser on one side and the arms R, 8 on 
the other, and the adjustment of T annuls the kick on making 
or breaking the battery connexion. The discussion in § 2 
is applicable perfectly, provided we replace the R and § there 


mentioned by the expressions R+T+ o and S++ — 
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er This is easily seen, because T is equivalent 


B 
to R and 8, and non-inductive, so that it makes no difference 
whether they are joined at both ends or only at the battery 


tol. ate a nd T. Hoy, in parallel; these are proportional 


+@ is thrown into R, and 


end; and in the latter case T 2 
De se into 8. All the results of §2 then apply. (1am 
indebted to Prof. Stroud for this characteristicaily neat 
explanation.) 

§ 6. Anderson’s method is the correlative of the preceding, 
but interposes T in the conjugate position, 2. e. between the 
condenser and galvanometer on one side, and the arms Q and 
S on the other. The balance is continuous; the method of 


mp Qt8 


last paragraph may be used, 2. e. we may split T into 


and T. g " , and then throw these into Q and 8S respectively, 


and apply all the results of § 2. 

§ 7. Maxwell’s method for sags two inductances 
gives 2 continuous balance, as would be expected, from the 
symmetry of the arrangement. Just as in § 2, we may 


show that short-circuiting isolates the action of the respective 
halves; L discharges through P and i L’ through Q and §, 
L d bei le 
PaR™ Gus eing equa 
§ 8. Niven, avoiding the double adjustment, sacrifices the 
continuous balance again. The equations at short-cireuiting 
the battery include the following :— 


Re—Sy—(gD+G+R+8)e—(R+8)u=0 


the two time-constants 
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and as initially 


it follows that 2 does not vanish, and therefore as in § 3 
there are at least two successive flows through the galva- 
nometer. 

§ 9. In Carey Foster’s comparison of mutual inductance 
with capacity a continuous balance would hardly be expected, 


owing to the complex nature of the arrangement. The 
equations at short-circuiting are :— 


(L'D+R+R)e—MDz—(MD+R)u—L' f=0, 
RDa+ (gD? +GD)2— (RD+ x )e-B/= 0, 
MDe—{(L+g9)D+G+4+r}2-—(LD+r)u—M/f=0. 
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Initially x=/, = u=0, 


/ : 
PD AA te 


- _ M(R+R4 


R(L—M)(R+R),. 
! aaeae fy 


general this is not zero. The determinant 


and the third derivative of <z is 


L‘D4+R+R’ —MD —(MD+R) 
RD | gb?+GD —(RD+1/K) 
MD —(L+g9)D—(G+4r) —(LD+r) 


is a quartic in D, and in general does not factorize even 
when M=KRyr; calling its roots «, 8, y, 6, we may write 


Le 
Ree 


= anew == aor! ar asev aS ase’ =F 


in w and z we shall have 0’s and c’s for the a’s, and the 
constants will be —KRfand zero. To find the ¢s, we have 


Gtegtesty=0, qatoaPteyt+co=0, 
C0? + 0,8? + egy? + 046°=0, 


R(L—M)(R+RB , 
LL’ — M2 i 


and 


010° + 628? + sy? + 40° = 


so that the c’s all vanish and the balance is a continuous 
one when L=M. In this special case the quartic yields 
two factors, viz. MgD?+(MG+MR+gR)D+R(G+7) and 
M(L/—M)D?+ (L'r+ MR)D+7(R+R'). If a and f are 
the roots of the first equation, and y and 6 those of the 
second equation corresponding to these factors, | have no 
doubt that just as in § 2 the coefficients a, ay, b;, 6, should 
be zero, because G and g can play no real part in deter- 
mining the flow, since no current crosses by G; but I have 
not succeeded in verifying this. It is interesting to notice 
that if, with L=M, we adjust the balance M=KRr in such 
a way that R=r=,/M/K, the two quadratics break up into 
linear factors, viz. MD+R and gD+G-++, in the first case, 
MD+r and (L’—M)D+R+R’ in the second. The time- 
ts involved, vi ay LE aa d ~”-, are respec- 
constants involved, viz. R’? RGR” an (aa p 
tively those of L (or K) discharging through r (or R), L’ 
through R+R/, and G through G+~7; the actual value of 
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. L'—-M oY R+R’ 
wv is Ron (1—e°’), where oS ee that, of w is 
complicated and devoid of interest. 

§ LO. The comparison of two M’s by Maxwell’s method is. 


the example quoted in Lord Rayleigh’s report. The short- 
circuit equations are:— = 


{(L,+ L,) D+R}e—(M,+ M,)Dy+ M,Dz—(L, + L,) f=0, 

M,De—(N,D+R,)y—(gD4+ G)z—M, f=0, 

M,De—(N.D+ R.)y+{QN24+9)D+(G+R,)}2—M, f=0. 
imtially =f, ¥ oc, initial values of z, 7, Z are 


found by multiplying 7s respectively by 


N,N, +9 (Ny + N,), MN, + g( My == M,), and M,N, = M.N,, : 


where A stands for 


| Bye, M,+M, M, | 
‘ M, N, me 4 ’ 
; M INS Nockg 


As the equation in D is only a cubic, it will suffice for the 
vanishing of ¢;, ¢2, ¢3 1 2 that the initial values of z, z, and 
ee Nye Ae 
z should vanish, 7. e. N= M ; further, the condition for 
2 


Pe ayes a: Wy 
the aggregate balance 1s M, = ie ; these two conditions suffice, 


then, for a continuous balance. The cubic then breaks up 
into {(M,+M.jg+MiN.}D+Qh+ M,)G+M,R,, and a 
quadratic factor free from G and g, but involving the other 
constants. 


Phil. Mag. S. 6. Vol. 25. No. 148. April 1918. 2.0 
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§ 11. Maxwell’s method of comparing the M of two coils 
with the L of one of them is not always practicable, but 


when it is, the balance is continuous. The four equations 
are :— 


(L—2M + N)(é—f)-+(N—(J-F/) 


Ud i ae ‘Lik Bae ves 
(u—wyé =f) —M(j— Gf) - Mt Y) 
+gz+Pe—-Qy+Gz=0, 
(Q+8)y+8z—Tu=0, gz—Re+Sy+(G+R+8)e=0. 
The initial values are 
he ye . P+R ye 
Bef Gao? Sn ae 


go that ¢1, cx, ¢; vanish provided the conditions for aggregate 
balance are fulfilled, viz. 


P+Q P+R 
Oe 


Under these circumstances the cubic yields the factor 


L 
PS=QR and V — 


7, (ND+B/)—-MD+P+R; 


g and G occur only in the other (quadratic) factor ; and as 
in previous examples, the expressions for 2, y, and w contain 
only a single exponential. 
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§ 12. Brillouin’s device for meeting the difficulty in § 11 
that M. has to be less than L is to put the second coil in the 


same branch as T, but this makes a continuous balance 
impossible. The equations at short-circuiting are :— 


Ley) +(P+R)e—R:—M( = “a 1)=0, 
(Q+S)y+S8<=0, Re—Sy—gz —(G+R+S8)-=0, 
Me—Nu—Ru=0. 
iaeally, ¢=/, j=0, 20, wa = 
the e’s cannot vanish. 
§ 13. By a method due to Niven the M of two coils is 
sometimes compared with the inductance of a third, L, 


+R ose, ESI 
—f, and z=—, so that 
R f g 


placed in a balanced quadrilateral. Taking N for the in- 
ductance of that one of the pair which is joined in parallel 
with the galvanometer, and n for the inductance of the one 
in the battery arm, and the other symbols being as shown, 


202 


532 Mr. A. O. Allen on 

we have upon short-circuiting :— 
Cane ~f)+(P+R+W)atn(j- GA) 

+Wy-—R:e—Mu+Ru=0, 
L(a—f)+ (P+ R)«—(Q4+8)y—(R+8)z4+(R4+8)u=0, 
Re—Sy—gz—(G+R+S8)2+ (R+8)u=0, 
M(i—f)—Re+M(j—G/)+8y+(R48)2 
—Nu—(R+84+T)uv=0. 


The determinant for the various periods is here a quartic in 
D, so that the c’s will not vanish unless the initial values of 


2,2, 2,and 2 are all zero. Of course #, y, 2, andyimeare 
initially zero ; 
LV, j=of z=0, u=0; 
i 24 es N a "a aie 
Lv ei)! z = (). y= ur ng(P*B+W-) A U= n7Z? 


finally, gg =(R+8)u—Sy, which in general is not zero, so 
that as a rule the balance is not’ continuous. But if, in 
addition to fulfilling the conditions for aggregate balance, 


L P+Q)? : 
vize PS=QR and ae" an , we can also satisfy the 
condition Zu =" by backing up the coil N with some 


extra self-inductance remote from the coil n, < then vanishes, 
and the balance becomes a continuous one; and, as must 
invariably happen in such cases, the determinant factorizes. 
Its factors are 


LMD 
“N 
and | RT 

(gD + G)(ND+R+S+T+ > )t (ND +T)(R+8); 


R(ND+T)(uD+W)—y~ (MD—P—Q—R) +P(Q+8) 


the latter quadratic represents two exponentials of which 
the coeflicients are zero in w, y, and u, so that these quantities 
really consist of only two exponentials, corresponding to the 
other quadratic. 

$14. To sum up this discussion, we may notice that in 
five of the twelve methods considered (§§ 2, 5, 6, 7, 11) a 
continuous balance is of necessity attained, if a balance is 
attained at all; in four (§§ 38, 4, 8, 12) such a balance 
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cannot possibly occur; and in only. three (§§ 9, 10, 13) is 
the continuous balance dependent upon conditions. More- 
over, in these three cases it can only be realized by intro- 
ducing a double adjustment, a thing which is usually regarded 
as fatal to the practical utility of any method. The advice 
to “fulfil the condition for a continuous balance when such 
a condition exists’? may well be supplemented by further 
advice to choose a method (when possible) in which no special 
condition need be fulfilled ($¢ 5, 6, 11). 

§ 15. It only remains to discuss numerically a case in 
which the balance is merely aggregate. The measurement 
in §3 will be selected, and the figures given closely re- 
semble those obtained in an actual laboratory test. Assume 
P=220 ohms, Q=440, R=500, S=1000, G=1500, s-=200; 
M25 mid.; l=07022 henry, g=0'1.. In. the equation 
z=c,e™ + ce! + cse! we first determine «, B, y as the roots 
of the cubic in D, viz. «= —2352°7 sec.-1, B= —16005°9, 
y= —39530°7. We next obtain ¢,, ¢2, c3 from the equations 


Cy tcgte3=0, cya +oo8 + cz7y=9, 


P+R)(S—s) ,_ 144000 
C1& 7+ 6937 + esty? = a an » il ie: 


the result is 


C3 


log( | )= 696148, log(—)= 516024, log() = 672519. 
The current 


2 = cae" + ce + exer’, and log( sss =) = 2°33304, 
2 


log( 2) = 136452 , log( — an" = =]: 


We can then easily show that the current in the galvano- 
meter is zero (and then reversed) after 1:728 x 10~‘ sec., 
and that in this time the flow is 5:19x10~° coulomb. At 
the end of 107% sec. this has been reduced to 0°87 x 10~°, 
and after 10~? sec. the ag gregate flow (in the direction of 
the arrow in the fioure a 82 2; is only oo x10°". We 
have here rather exaggerated the induct: gn of the galvano- 
meter ; if we take ;4, henry instead of 75, we have 


2849-3, @=—270768, y=—234011, 
: Cy Eas O7 (-3)=7 
“ae) 7-90897, log( — )=7-95799, 


log) = 8-98631; 
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and the flow after 107° sec. is only ‘077 x 10-®, instead of 
0°87 x 10-8. Thus if the galvanometer is one which gives a 
throw of 200 mm. per micro-coulomb, with a period of 
15 secs., we may say that after so short a time as 75)55 of 
the period all unsteadiness of the currents has sensibly 
vanished. ‘The conclusion seems to be that far too much 
has been made of the importance of a continuous balance, 
and that unsteadiness of the needle must be otherwise ex- 
plained. In cases where an ordinary condenser is employed, 
an ample explanation is provided by the phenomena often 
referred to as ‘‘residual charge.” In experiments where an 
air-condenser (or no condenser at all) is used, there is still 
something analogous to the ordinary condenser. It is certain 
that the capacity of the connecting wires is not always as 
thoroughly negligible as is usually assumed, especially when 
twisted leads are employed; and it seems not impossible that 
these may in some instances play a similar part in preventing 
the operator from securing a satisfactory balance. 
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LVIL. The Pulse Theory of X Rays, y Rays, and Photoelectric 
Rays, and the Asymmetric Emission of B Rays. By W. 
KF. G. Swann, D.Sc., A.R.C.S., Assistant Lecturer mn 
Physics at the Univer sity of Shefield *. ee Mila 


T is well known that when a beam of X rays or poe: 
violet rays falls upon a thin sheet of metal, the values 
for the number and velocity of the 6 rays produced are 
ereater for the emergence 8 rays than for the incidence 
ones The explanation of this fact on the wave theory is 
generally considered to be attended by difficulties so serious 
as to necessitate the abandonment of the pulse theory in 
favour of a corpuscular hypothesis. Practically the same 
arguments which support the corpuscular theory for X rays 
also support it for ultra-violet light, so that if we abandon 
the wave theory for one, we are almost forced to abandon it 
for the other. In the following paper I have endeavoured 
to show to what extent the want of symmetry in the expul- 
sion of 8 rays may be reconciled with the pulse theory, and 
also to discuss certain other points concerned with the pro- 
perties of X rays, &e. 

There are two views which we may take as to the origin 
of the 8 rays which an electromagnetic train releases. They 
may come from those free electrons which exist between the 
molecules of the metal, or they may be torn out of the atoms. 


* Communicated by the Author. 
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There is an important difference between the two views. 
The second is the one which leads to the most satisfactory 
explanation of the phenomena observed, but as the first view 
presents some interesting features, and as it is the simpler 
of the two, I shall commence by discussing it. I shall, when 
possible, relegate to an appendix mathematical matter which, 
though necessary, may nevertheless be omitted in following 
the ceneral trend of the arguments. ; 

(1) Action of a wave-train on the free electrons.—When a 
beam of electromagnetic waves, travelling along the axis of 
z, encounters a free electron, the motion which the train 
produces is generally treated as being wholly transverse to 
the direction of the beam. ‘This is, however, not quite true. 
The magnetic field of the electromagnetic train acts on the 
moving electron with a force parallel to the line of motion 
of the beam, and, in the case of a free electron, this force is 
such that the total velocity which it has produced since it 
started to act is always in the direction of the advancing 
wave, so that the electron will move in the direction of the 
wave as well as in the transverse direction, as will be seen 
from the following discussion. 

We shall suppose our electromagnetic train to be of some 
finite length which it will not be necessary for us to specify. 
The electron shall be situated initially at c=0. XYZ, 
ay shall refer to the electric and magnetic forces respec- 
tively, all expressed in electromagnetic units, and we shall 
mathematically specify our wave as follows:— 


For t<0 and v>0..., K=VS=2—2—6>7=0. 97 
For ¢>0 and ci>a#>0..., X=0, Y=YVod(ct—z), Z=0. (2) 


(ct—x) being an arbitrary function of et—w#. Such a 
function satisfies the electromagnetic equations, which are 
of the type 


hex |) oy. of 02, 04.0%, ; 

Protu.0y,,.02. Cb, OU oa ea Mean 
and corresponds to a wave travelling in the positive direction 
along the 2 axis with the velocity ¢, which represents the 
velocity of light. It may readily be verified from the electro- 
magnetic equations that the values of «8 y, corresponding 
to the above values of X Y Z, are 


aBy=0.0.>%¢(ct—2). . . . . @) 
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(1), (2), and (4) satisfy the condition that X Y Z, «By are 


continuous on the two sides of the advancing wave-front, 
provided that (0) =0, a condition which would be satisfied 
by a sine function, for example. 

The equations of motion of our electron, neglecting 


damping (see Appendix, problem 1), are 


m dy _ cele - 
spt = Lob (te); (5) 
Bien AY) a Nig gy : 

ode late deo 


By eliminating o(ct—wx) between (5) and (6) we obtain 
ldy dy dx 


e dt dt dt?’ 


which we can integrate to the form 


da ih Ti Ea ae 


gq, and g, being the values of g and y just before the train 
strikes the electron. If the electron is at rest at t=0 so 


4 


. Ji 5 = e)e 
that w= 5-y", we see that « must always be positive. 


This method of viewing the matter seems more direct 
than one which involves considerations of the pressure of 
radiation, which are always a little vague when applied to 
an electron. 

We may suppose that before the electron was hit by the 
train it was travelling with too small a speed to enable it to 
leave the metal. If the velocity which it receives from the 
pulse, however, is sufficiently great it will be able to get 
away. xcept for extremely large values of y, % is of 
course only a small fraction of y; so that if the beam of 
wayes is travelling normally on to a metal plate, the electrons 
will start off practically parallel to the surfaces. It will 
only be by swinging round some of the atoms that an electron 
will be able to get out; and when it does so, the main part 
of its velocity will be controlled by the ¥ part. The existence 
of the velocity # destroys the symmetry on the two sides of 
the plate in a way which may perhaps best be discussed as 
follows :-- 

First, we notice that g,; and g:, which correspond to velo- 
cities comparable with those of temperature agitation, are 
so small compared with the velocities of the 8 rays produced 
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by X rays that we may neglect them, though it would not 
complicate matters much if we did not. Neglecting q; and 
gz, however, we have a2/y=y/2c. If we consider the case 
of the @ rays ejected by X rays, which have a velocity 
of the order 610° cm./sec., we see that for these rays 
«/y=1/10. Now suppose that a metallic film with its plane 
perpendicular to the plane of the paver is represented in 
section by AB (fig. 1), the train of waves being incident in 


ey =) 


G E 


the direction of the arrow 8. If @ were zero the rays would 
start out in all directions parallel to the plane AB, if the 
train were unpolarized, or in two opposite directions if it were 
plane polarized. Consider an electron which at D receives 
a velocity y in the positive direction of y. Its chances of 
deflexion in any direction by the first atom O which it meets 
may be represented in the valuable manner suggested by 
Professor Bragg, by the radius vector of an egg- -shaped 
surface, the radius vector being drawn from the point O. 
This oval would obviously be symmetrical about the plane 
AB, so there would be symmetry with respect to this plane 
in the number and velocities of the 8 rays escaping on the 
two sides of the film. If w is not zero, however, the de- 
flexion oval will be symmetrical, not about the line AB, but 
about a line GH or EF, according as ¥ is positive or nega- 
tive, the inclination @ of these lines to AB being such that 
tan@=«/y. lf dn is the number of electrons sent off trom 
an element ds at D per second in the direction DH, the 
fraction of these which are deflected within a given solid 
angle dO measured from O will be proportional to rdQ, 
where 7 is the radius vector corresponding to dQ, and con- 
sequently the number passing through the plane through O 
parallel to AB (which is practically the same as the plane 
AB) in the forward direction is to the number passing 
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through in the backward direction as | rdQ, for the portion 
of the egg-shaped surface in front of AB is to frdQ for the 
portion behind AB. The same conclusion would obviously 
apply if the waves were not polarized, so that the electrons 
started off in several different directions. We must remark 
that by as much as the number of @ rays sent forward is 
increased by.the existence of « by so much is the number 
sent backward decreased, so that although we cannot without 
knowledge of the shape of the deflexion oval, and of the 
coefficient of absorption for the rays, calculate the exact 
want of symmetry produced, it is obvious that the value 
xz /y=1/10 is of an order of magnitude sufficient to account 
for the want of symmetry observed both in number and 
velocity, at any rate in certain cases of B rays ejected by 
X rays*. A casual glance at the deflexion oval wonld make 
it appear that we might expect a large number of @ rays to 
be emitted in directions such as DH inclined at a considerable 
angie to the normal to the film; but we must remember that 
those which move to any extent parallel to the surface of the 
film have a much smaller chance of getting out than those 
which are deflected normally to the film. We have thus 
seen that, provided that the train of waves can give an 
electron a velocity of the order 6 x 10°, this velocity will 
automatically carry with it a want of symmetry in the 
number and velocity of the right order for @ rays; but we 
must now inquire what order of magnitude the field in the 
wave must have in order to account for such velocities. It 
will be convenient to assume $(ct—.x) to be of the form 


9) 
sin (ct—wx), and to determine the motion of the electron. 
A solution of (5) and (6) with sin (ct—2) written for 


d(ct—x) is (see Appendix, problem 2) to the degree of 


accuracy to which we require it: 


ae 3 (5 ‘eint 2 9c hn 


dt — 2c\cemmr 

dy Wien) are 

a — sln~ ar ie . . . . 1) 
dt cma xX ( ) 


We thus see that « and ¥ are always positive. 
If we imagine the wave-train to end with X Y Z,aBy 


* On considering probable shapes of the deflexion oval it will be seen 
that a value of «/y equal to 0-1 will account for much more than a 
10 per cent. want of symmetry in the numbers of electrons ejected. 
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all zero, which is equivalent to supposing it to contain a whole 
number of half waves, as it must do if the conditions of con- 
tinuity at the front and rear of the wave-train are to be 
satisfied, we see that after the train has passed, # and y have 
either their maximum values or zero values, according as the 
number of half wave-lengths in the train is odd or even. 
The maximum values of # and ¥ are consequently the only 
values with which we have to deal. They are: 


1, (=) gt ¥en 


L£=>- = ° 
2c\emtr emir 


(10) 


If we prefer to consider a damped train of waves, ending 
with zero amplitude, as is done in the Appendix (problem 3), 
rather than a train ending with finite amplitude, the only 
difference which is introduced is that the velocities have the 
above values, except for an extra factor in the denominator 
of y, which becomes squared in the denominator of a, and 
which for cases of very great damping results in y being 
proportional to the frequency of the waves (see Appendix, 
problem 3). 


Taking the case of X rays, for which we shall assume 
4y=6x10° and X=5~x 10-% em., since - —1-:8 x 10! we have 


Y,/e=2x10". The average electric energy per c.c. of the 
wave is Yo?/l6mc?=8 x 10”, and the total energy per c.c. is 
16 X 10” ergs per c.c. 

It must be noticed that we have been compelled, on the 
present theory, to assume this enormous energy density, not 
merely to account for the want of symmetry, but to account 
for the main part of the electron’s velocity. A field which 
will give a velocity of 6 x 10° cm./sec. automatically carries 
with it a want of symmetry of the order we have discussed. 
We can form an idea as to the possibility or absurdity of the 
existence of this enormous energy density by calculating 
the dimensions of a pulse which would contain energy of 
this density, and which would contain a certain total assigned 
amount of energy. Using (10) in conjunction with the ex- 
pression for the energy per ¢c.c., we can readily show that 
dias SEN7e? 
* lam? 
length, and a the cross-sectional area, so that, for example, 
if we take / as X/2 and Eas the amount of energy in the 
Planck unit, 7. e. 6°5107*"c/A erg, we find a=10~, so 
that the diameter of the pulse would be about 10~1° em., or 


> where Hi is the total energy of the pulse, / the 
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about one-hundredth of the diameter of an atom”. The 
energy in the Planck unit for X=5x10~° cm. amounts to 
4x10-% erg, and that of the electron is about 2x 10-8, so 
that the electron will take about half the energy of the 
pulse. 

If we were to imagine a pulse containing a much larger 
amount of energy but of the same energy density—z. ¢., a 
pulse of greater diameter—the same actual amount of energy 
would be absorbed by the electron, but this energy would 
then only be a small fraction of the total amount. The real 
gain in concentrating the energy in a narrow beam is that 
we then get an appreciable fraction of it absorbed by the 
electron. This fact is not as obvious as it may at first sight 
appear, and its reason, as we see, is more deep-seated than 
can be explained by an attempt to account for it by con- 
siderations of the relative widths of the pulse and of the 
electron. 

There is another method in which we may increase the 
fraction of the energy which is absorbed from the wave- 
trains without increasing the energy density so much by 
narrowing the pulses—viz. ., by splitting the pulses up into a 
Jarge number carrying altogether the same total amount of 


energy, but following each other more or less at random, 
: 


Ou 
is of the same sign for each pulse. Hach of the pulses in 


passing over the electron communicates an amount of 
momentum in the yx direction, of which the velocity factor is 


with the restriction that at the advancing wave-front 


equal either to zero or to 


nN : 
, according as the number of 


‘ 


half wave-lengths is even or odd. The average velocity 


given during the passage of s pulses is thus De Palle 
; Zemir 


may be noted that this expression is true even if the pulses 
follow each other so rapidly that they overlap, since it is 
easy to see that (neglecting the movement of the electron in 
the w direction during the passage of a single pulse) we may 
look upon each pulse as producing its own contribution to 
the y momentum of the electron, independently of the others. 
* Tf we calculate the distance the electron travels in the y direction 
by the time y attains its maximum, we shall find it to be 2°5 x 10-10 em., 
which is rather greater than the width of the pulse; but to overcome 
this difficulty it is only necessary to take a rather different value of A, 
or to assume that the pulse contains more than a single Planck unit. 
+ Similar remarks with regard to damped trains apply as in the last 
problem. 
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Thus to produce a given value of y it is necessary to haye 


Ne 2mm." . 2 : : 
—O — y, t.e. only — of the value which was necessary in 
C se s 


the case of the single pulse. Truly there are s pulses, but 


2 
since the energy-density is proportional to (=) the energy 
in the s pulses is much less than in the single pulse, pro- 
vided that the pulses do not overlap, and this is not an 
effect which could be brought about by simply adding 
the pulses end on end and looking upon them as one long 
pulse, for, in the first place, they would not join up into a 
continuous pulse, since, if there are an odd number of half 


{ Pang ie 
wave-lengths in each, the value of aa at the tail of one 
pulse would be opposite in sign to the value at the head of 
the next; and, in the second place, we see from (9) that the 

Be tn. FP oncas 
electron attains its maximum velocity during the passace of 
A g I s 
the first halt-wave. ERE: 
The value of the energy-density in the pulses is eae 
ae 28 
If 7 8 the length of each pulse and a the cross-sectional 


area, and if the total energy in the s pulses is equal to E, 


16X Ese? : : 
we have a= —=—~. It will be obvious that if we imagine 
Tym 5 


a sufficiently large number of pulses containing a_ total 
amount of energy H, it is possible to make a as large 
as we please. It is even possible to make it so large that 
the pulse expands ‘into a hemisphere about the origin. 
As to the magnitude which ought to be assigned to s and 
i} in the present theory, there is little to guide us, unless 
we make some special assumption as to the mode of origin 
of the X rays, such, for example, as the assumption that 
in the original discharge-tube each electron on striking 
the anode suffers a number of separate retardations, the 
effect of all the electrons suffering these retardations at 
slightly different times being to produce a series of pulses 
of the kind we have imagined. If in the discharge-tube the 
electrons strike the anode not absolutely continuously, but 
in little splashes, each splash containing a large number of 
electrons, the result will be that the pulses will come off in 
groups, the members of each group following each other 
very closely, but the separate groups being more or less 
widely separated. If there are x such groups per second, 
each containing s pulses of wave-length 5x 107%, and if the 
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whole X-ray tube emits about 10° ergs per second *, in order 
that a shall correspond to the area of a hemisphere of say 


20 cm. radius, we must, if y=6 x 10° have i The 


number r might possibly, though not necessarily, be asso- 
ciated with the frequency of oscillation in the discharge-tube, 
so that if it is of the order 100 we have s=10¥. The s pulses 
would take at least 107’ second to pass an electron, and this 
of course introduces the difiiculty that during this time the 
electron would suffer many collisions, and even if this were 
not so, it would travel several metres while the pulses were 
passing over it. 

Of course, the above is extremely speculative, and my 
object in bringing it forward is not to suggest it as a theory 
(indeed, I do not believe that it is the explanation of the 
phenomenon at all), but rather to examine what can be done 
in the way of explaining the origin of the @ rays as arising 
from the free electrons between the molecules. The main 
points so far may thus be summarized as follows :— 

(a) If the electrons are ejected by the pulses with velocities 
of the order 610° they will certainly show a want of 
symmetry, both in velocity and number, approaching the 
amount experimentally found. 

(b) The energy required to eject the electrons with the 
necessary velocity seems at first sight to be enormous, or 
rather the energy-density appears to be enormous, so that it 
would appear necessary to concentrate the energy in thin 
filaments in order to obtain a large energy-density in places 
without a larze total quantity. On examining the matter 
more closely, however, it is found that the concentration of 
the energy becomes no longer necessary when we imagine 
the radiation to take place in a large series of pulses. Under 
these conditions, even on the assumption of spherical pulses, 
the velocities produced in the electrons are quite consistent 
with the radiation of a reasonably small amount of energy 
from the X-ray bulb, but difficulties are encountered in 
this case owing to the movement of the electron during 
the comparatively long time in which it is receiving its 
velocity. The want of symmetry is just as pronounced 
as if the velocity had been produced by a single pulse, 
since, in the case of a free electron, no matter how y is 
produced, so long as it is produced by electromagnetic 


yo 


. if . 
waves we always have v= a0 The concentration of the 
G 


* Rutherford and McClung, Phil. Trans. A. vol. exevi. p. 25 (1901). 
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energy in thin filaments is introduced not so much to explain 
the want of symmetry and the magnitude of the velocities 
produced as to account for the fact that only one electron 
here and there appears to be affected as the rays pass through 
the metal, and the further equally curious fact that the 
velocity of the ejected electrons is independent of the distance 
from the source of the X rays. 

Some of the main difficulties associated with the theory 
which attempts to explain the production of the 8 rays from 
the free electrons between the molecules are, in addition to 
those already mentioned :— 

(a) The theory, though accounting for the necessary want 
of symmetry in the case of the @ rays ejected by X rays, 
gives far too small a want of symmetry for photoelectric 
electrons, which travel with much smaller velocities (velocities 
of the order 5 x 10’ cm./sec.). 

(b) The theory gives no explanation of the variation for 
different metals in the want of symmetry in the 6 rays 
produced by X rays. 

(c) It does not readily lead to an explanation of the law 
relating the velocity of photoelectric electrons and the fre- 
quency of the light, though there are one or two ways in 
which it may be made to do so—e. g., the view suggested on 

Ooo. 
A much more powerful theory evolves when we consider 
the ejected electrons to come, not from the free electrons, 
but from the electrons inside the atoms. 

(2) Action of a wave-train on the electrons in the atoms.— 
We shall consider the case where a train of electromagnetic 
Waves passes over an atom. Some of the electrons in the 
atom will have a natural period equal to that of the waves, 
and these will absorb energy rapidly from the waves. When 
the electron has got a sufficiently large amount of energy it 
will be able to get away, and we shall find that when it 
escapes the ratio of #, the velocity in the direction in which 
the wave is moving, to y, the velocity transverse to the 
direction of propagation of the wave, is no longer dependent 
only on y, and other facts with regard to tie relationship 
between the velocity of ejection, frequency, want of symmetry, 
&e. will evolve. 

Let Ve be the potential energy of the electron. Tho 
equations of motion are :— 

m da? V 
a= ab - = Mpc 6) 500.5 Sen le GL 


Heda (OV. dy 2 Yo dy 


See ON BU Rats! uae ee, yi 
e dt? oka Mote a: P(ct—a): (12) 
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from (11) and (12) we derive 


1 (dy) Cy 42 ONG GI ee Aerom 
dt dt? “ mQy ‘dt §~ de® T im Pe oe 


We do not wish, until we are compelled to do so, to confine 
ourselves to a case where the restoring force is proportional 
to the displacement, and so we shall at first take the more 
general case where V is of the form V.+ Vy, where V,isa 
function only of 2 and V, isa function only of y. It will 
be seen that for the cases we are going to consider this 
assumption will be justified. (13) then integrates to 


SA ak ire _ de e AB 


the constant of integration being zero if we take a case 
where when ¢ is zero tc=y=ax2=y=0. 

Now suppose we imagine any atom with an electron in 
the position A (fig. 2). It will be obvious 
that a pulse moving in the direction of the Fig. 
arrow would have a much better chance of 2 
ejecting this electron than an electron at B, ( 


2. 


since the natural period of B’s tangential 
motion would be much longer than that of 
the pulse, so that resonance could not come 
into play in the case of B. In the case of 
electrons such as A, we see that for small 
displacements V, will be practically zero, 
or at any rate this will be so for certain 
arrangements of electrons in the atom, such an arrangement, 
for example, in which there is a positive sphere with only two 
electrons situated along a diameter *. In such cases we shall 


have 
= {Gp+iv\l re ie 


mM 
ik 
soe © — V is 7 times the energy E which the electron has 
a from the wave, or practically so. If @ is the 


* This is not intended to represent more than a rough picture of the 
phenomenon. It would perhaps be better to say that where an electron 
is to be found capable of free motion parallel to the w axis, for small 
displacements, that electron will have a better chance of being ejected 
than any other. 


t In the Appendix (problem 4) the problem where Vz is not zero_is. 
considered. 
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energy which the electron must have in order to get away, 
directly ET becomes equal to w the electron will escape. 

We may picture the electron at the beginning of its 
(p—1)th oscillation with just too little energy to get away. 
At the pth oscillation it will get away carrying with it the 
extra amount of energy which it obtained in the pth oscilla- 
tion, or rather as much of it as was left over after paying 
the extra little bit necessary to make the energy of the 
(p—1)th oscillation up to the amount o. 

If w and v are the average values of # and ¥ with which 
the electron is shot out of the atom, the value of 4v7 is thus 


ae : 
of the order — times the energy given to the electron in 
mM” if 
the pth oscillation, while uw is ~ times the much larger 
. . iF . © . . 
quantity representing — times the total energy, kinetic and 
m ? 


potential, given to the electron in the p oscillations. In 
fact, if w is sufficiently large, w may, as we shall see, be 
greater than v. It may even mask v entirely so that the 
whole velocity of the ejected electron is in the @ direction, 
being given by u= 
me | 
If we imagine that the electron absorbs one Planck unit 
of energy before it escapes, we shall have w=6'5 x 10777 ¢/a, 
and since m=10~7" we have 


aR 2 ees eRe 


If >»=2x10~° cm., as for example in the case of ultra- 
violet light, we find w=3 x 10°, which is much smaller than: 
the velocity of photoelectric electrons. We might rectify 
this difficulty by imagining that in the case of photoelectric 
electrons w corresponds not to a single Planck unit, but to. 
N such units, N being approximately the same for all atoms, 
but we shall find that for values of X as large as 2 x 107° there: 
are difficulties in the assumptions necessary to Insure that u 
is large compared with v,and moreover in this case (16) corre- 
sponds to too great an asymmetry for photoelectric electrons, 
so that tempting as the formula is, in that it shows the. 
velocity to be proportional to the frequency, I think that we: 
ean hardly reconcile ourselves to the belief that it contains: 
the true explanation of the photoelectric effect. Perhaps. 
after all this is no matter for great regret in view of the 
fact that modern measurements seem to show that the maxi- 
mum velocity is not proportional to the frequency at all, but: 


Phil. Mag. 8. 6. Vol. 25. No. 148. April 1913,  2P 
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to the square root of the frequency *, a law which we shall 
see can be made to follow from a slightly modified form of 
the above theory in which the main part of the electron’s 
velocity exists in the y component. 

Although (16) cannot be the explanation of the photo- 
electric effect, it is a formula to which the results should 
approximate for very large values of w, and consequently 
very small values of A, at any rate when we introduce a 
factor N to allow for the absorption of more than one Planck 
unit, so that it is well fitted to represent the facts for X 
or y rays. Suppose, for example, we take A=5x10~9 for 
X rays, and N as small as unity, we find w=1-3 x 109, a value 
approaching the right magnitude, and we shall presently see 
that for these velocities the value of v would probably be 
quite insignificant, though even if it were as great as w it 
would not alter the order of magnitude of the velocity found. 

Jt must be particularly remarked that our theory does not 
involve a unitary structure for light, nor indeed does it 
necessitate the introduction of the Planck unit atall. It 
merely involves the idea that the electron requires a definite 
amount of energy to set it free. The association of this 
amount of energy with the Planck unit is not essential. 

Ona view which considers that practically the whole initial 
velocity of the electrons set free by X rays or by y rays takes 
place in the direction of the advancing wave, the difficulty 
becomes, not to explain the want of symmetry in the expulsion 
of the B rays, but the existence of any symmetry at all, to 
explain in fact why any rays come out against the train. The 
difficulty may at once be met by assuming that the 6 rays, 
though they are all originally started in the same direction, 
are scattered by the material of the plate; and it is a significant 
fact that in a substance like lead, which we know scatters 
B rays much more than substances of low atomic weight, a want 
of symmetry of only 15 per cent. is found, for the 6 rays 
ejected by vy rays, 2. e. the scattering of the @ rays is 
almost complete, while in a light atom like carbon the ejected 
B rays come out almost entirely in the direction of the 
emergent y rays. It would be interesting to see whether, in 
the case of very thin films of substances of heavy atomic 
weight, there was a more prominent asymmetry than in the 
case of thicker films. We should expect this, since if the film 
is very thin the scattering will be diminished. 

(3) Case where v is not small compared with u.—Let us 
now turn to a consideration of the case where the velocity 
with which the electrons emerge from the atom is not 


* Richardson and Compton, Phil. Mag. xxiy. p. 575, Oct. 1912. 
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wholly in the x direction, but where wu is only a fraction of v. 
We shall in this way be led to a theory more in accordance 
with the facts of the photoelectric effect. There are two 
ways in which we may proceed. We may accept as a hypo- 
thesis that the electron absorbs energy in Planck units, 
either because the pulses themselves carry it in these units, 
and are so narrow that they give up all their energv to the 
electron when they pass it, or because the mechanism of the 
atom is such that the energy becomes absorbed in units. 
On the other hand, we may attempt to derive the result in a 
manner which is perhaps more satisfying to the mind, that 
is to say, by considering the actual effect of the wave on the 
electron, in which case we are unfortunately obliged to make 
some assumptions with regard to the relationship between 
the restoring forces and the displacements. 

The first method leads to a result very quickly. If N is 
the smallest number of whole Planck units necessary to free 
the electron, the quantity represented by E on p. 544 becomes 
6°5cN 

AM 


equal to x 10-7". Ifw@ is the actual amount of energy 


N 
necessary aN x 10-77 will be of the order of a single 


AM 
Planck unit, and we may take half this quantity as very 
fairly representing 4mv?. Thus we see that v” is proportional 
to the frequency c/A, and is such that 


6'5 ¢ 6°5e¢ 
pl 27 
Y= ae x 10-7= or (L7) 


so that if in (15) we put 


ee ae 6:5Ne ret 6:5 Ne 
2 + ar mn aa nO as PM ivas 
‘ih find x —— Be and bs = Be (18) 


Thus in the case of photoelectric effects where X= say 
2x10-*, we find v=108, which is of the correct order of 
magnitude. In order to obtain a want of symmetry of the . 


order fexpressed by - =1/15, which is about the correct 


value, it would be necessary to have N=20. 

Adopting the second method of procedure, in which we 
do not make use of the Planck unit, we must, following the 
usual practise in such cases, imagine the electrons to be 
constrained by forces proportional to the displacement; and 


a ad 
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though we must admit that this law cannot hold right up to 
the point at which the electron gets free, we must imagine 
our actual atom replaced by a kind of hypothetical atom in 
which the law does hold. We shall assume a case where 
there is resonance between the light-waves, and the oscilla- 
tions parallel to the y axis, and our equations of motion 
become approximately 

of 


ey Y 
y +4q'n'y = 


sin 2int, |») 2. oe 


“t4rwe= 
ab is . 
; { La? + 27? ny? } = +4? | wadt, 24 yeep 


n and p being the natural frequencies of the electron parallel 
to the y and x axes respectively. 

We have already, on p. 544, given reasons for supposing 
that for the cases in which we are concerned p is small. 
In the Appendix (problem 4) we shall consider the case 
where p is not absolutely zero, 7. e. where the electrons are 
not entirely free along the # axis, an assumption which leads 
to a theory very similar to that given below, in which we 
take the simpler case where yp 1s zero. 

The solution of (19) subject to y=y=y=0, when t=0, is 


Yoe He aie 
Y= Teh {5 sin 27nt—t cos ant > a ee 
eee = ae sin 27nt, 5. ss). 


Unless pisas smallas one or two, at the »th maximum (mea- 
sured in the positive direction only) the value of 7% is very 
approximately 


(Y)p= ( 


If » is the minimum energy which the electron must have 
in order to get away, the first integer p which makes 


d # (=) 2 


—° = = *-—~ approximately. 
n 2m 2n ™m iv J 


pe) see iL p Yoe 


arc > ; 
4 n?\ m mM 


will result in the electron becoming free. If at the (p—1)th 
maximum the electron has nearly enough energy to escape, 
it will after the pth maximum get away with practically the 
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whole of the energy given to it in the pth oscillation. Its 
velocity y, will be such that 


miei —Co—18 (Sn) em PEE 


2mn mn 
(24) 


On the other hand, if at the pth maximum the electron 
has only barely enough energy to escape, it will just succeed 
in crawling away with practically zero velocity. The averaye 
value of the velocity with which the electron escapes will 
thus be of an order given by 


ee al Cod STR hele hc UE 


8 mn 


From (20) we have 
Fein Ls ANGE A's 
ess = t sin? 2arnt, 
2c\ m 


leading on integration between the limits zero and ¢ to 


: if =e) { Lig? I 
ea — (a t? — —— sin 4arnt ee 4 
2irn gic Agr? é ee 


~ Sclm 


After a few oscillations the first term becomes all important, 
and at the pth maximum of y we have 


“25)\2 2 27% ; : 
ly (UP prereey (=) a =! approximately. (26) 


~ 8¢\mn 
Thus from (25) and (26) 


SS 


eke 
=," SUR coN t'r a.) 5 ae 


The energy E which has been absorbed is approximately 
the energy which the electron has absorbed in the p oscilla- 
tions, 2.e. the kinetic energy of the electron at its pth 
maximum is 


Ba (Bay, Ns AA smu hail GOS 


8 MN 


so that we have from (25) 


2 Ree 2a 


= —— 
mp np 


approximately. . . (29) 


Suppose we take for a certain electrcen as corresponding 
to the energy absorbed by the ionic charge in a fall through 
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100 volts, we find o=107! erg. Taking the case of photo- 
electric electrons for which v= say 5x10’, we find that 
the necessary value of p is 80. Using His value we find 


from (27) that ~ = ieee which is just about of the right 


order of Aen for photoelectric effects. Greater values 
of w would of course correspond to greater values of - si pale 
may be mentioned that for X rays where v is of the order 
6 x 10°, - would become equal to unity for p=5, and for 


large values of p, wu would completely mask v, as we pointed 
out on p. 546%. 

So far in the present problem it has not been necessary to 
introduce the idea of the Planck unit ; if, however, we do 
so at this stage we arrive at conclusions which though rather 
speculative are nevertheless interesting. Suppose we con- 
sider E the total energy which the atom absorbs before the 
electron is allowed to escape as equivalent to N Planck 
units, so that from (29) v= Js where h is Planck’s 


constant. If v? is to be proportional to the frequency n we 
must have p independent of n. Using (25) in conjunction 
with the expression for the energy per c.c., we find, if a is 
the cross-sectional area of the pulse, since paa is the volume 
of the p wave-lengths, 

2 2 
ate Ui) 


where U is the total energy in the p wave-lengths of the 
ulse. 

If the diameter of the pulse is to be such that the whole 
of the energy of the p wave-lengths is to be absorbed, we 
must have H=U. As a matter of fact, since the energy 
absorbed per oscillation is proportional to the number of the 
oscillations, in order that the pth wave-length shall have 
enough energy we must have U=2H, so that since from (29) 


EK= a we find that on substituting in (30) 


9 2, 
ui BORETP (31) 


* Of course. it is not necessary for the application of the theory to 
X rays that w should mask v. 


0% 
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Since p is to be independent of 2, (31) requires that a shall 
be proportional to A. Taking the value of p which we have 
chosen in the example above, we find a=8:4 x 1071!X, so 
that for X=2 x 10~° we find a=17 x 107", corresponding to 
a diameter of 4 x 10-8 em.* In the present case each electron 
requires about 107! erg to setit free. Hvenif 101° electrons 
were emitted per second, which would correspond to a photo- 
electric current of 107!°¢.g.s. unit, the actual energy re- 
quired from the source of light would be only 1 erg per 
second, so that if we imagine 100 ergs to be supplied from 
the source per second in the form of ultra-violet energy, we 
could afford to widen the cross-sectional area of the pulse 
100 times, so that the diameter would be of the order 
4107‘ cm. In tact the extreme narrowness of the pulses 
is not necessitated so much by energy considerations as by 
the fact that so few electrons are liberated, though there are 
other ways of accounting for this, e. g. by considering that 
only a comparatively small number of atoms contain electrons 
of the appropriate frequencies. 

it must be pointed out that since from (26) and (28) 


n= independently of the value of p, while from (29) 


oon 


v= —, even in the case of photoelectric effects we can 
mp 


make uw represent the whole of the velocity of the ejected 
electron, provided that we admit a sufficiently large value of 
Hi (a value of the order corresponding tio a tall of the ionic 
charge through 1000 volts). It will be seen that this is so. 
since by taking a sufficiently large value of p, v? becomes 
reduced to insignificance. Postulating a large value of p 
is equivalent to assuming a small value for the energy 
density, as may be seen from (26); it is also equivalent to 
assuming a large value of a, as may be seen from (31). 
Indeed, if » were 10, a would be about 1 sq. cm., but the 
pulse would then take about a second to pass, and there are 
other objections to such large values of p, as may be seen 
from a consideration of problem 4 in the Appendix. 

It is an interesting point in connexion with the pulses, 


* Tt can be shown from (28) that in virtue of the constancy of p, 
Y,” and consequently the energy-density is proportional to the cube of 
the frequency. It is interesting to notice, that if we associate hard 
X rays with large densities, they must correspond to high frequencies, 
and consequently to high velocities for the electrons emitted, with the 
result that there will be but little scattering. It is a significant fact 
that the electrons ejected by hard X rays show a much greater want of 
symmetry than those ejected by soft rays. 
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that the narrower the pulse the greater the fraction of the 
energy which becomes absorbed, and we have seen on p. 550 
that in order that half the energy of the pulse which has 
passed over the electron shall be absorbed, we must have 

_ 2arre"p 

eam 
diameter, the electron will take practically every bit of the 
energy which the pulse sends to it. It will allow none to 
pass until it has got enough to enable it to fly away, leaving 
the beheaded pulse to pass on and produce similar effects in 
other electrons, until eventually there is nothing of it left. 
We can see why it is that on this view a definite kind of 
X ray or photoelectric train may produce a 8 ray of definite 
velocity without that X ray being looked upon as carrying 
a definite total amount of energy. The question as to whether 
the 8 ray so ejected will, when it enters another atom, give 
rise to a pulse of the same frequency as that which liberated 
it, is one which it would take too long to discuss here. 

Tt is sometimes thought that the existence of filamentary 
pulses is inconsistent with the electromagnetic theory. It 
must be pointed out, however, that no filamentary stracture 
of the ether is necessarily implied, all that is required is 
that the energy shall travel out in streaks from the vibrating 
electron; and if it be objected that no electromagnetic solution 
corresponding to such a state of affairs can be found, we may 
reply that if we place a source of light at the focus of a lens, 
we know that the energy comes out in a parallel beam, and 
yet we know that if we take cognizance of all the electrons, 
He. in the glass which forms the lens, the true electromagnetic 
solution would -bring out the parallel nature of the beam. 
Truly there is slight spreading at the edges due to diftraction, 
but, this effect only becomes” appreciable when the beam is 
comparable i in width with the wave-length of the light. In 
the case of X rays the wave-length is “extremely small, and 
is comparable with the widths of pulses, which are so thin 
that they would give up practically the whole of their energy 
to the absorbing electrons as they passed them. The difti- 
ewties with regard to interference phenomena may to some 
extent be met by supposing that the energy from a single 
electron is radiated not along a single streak, but along 
several: in this way it is possible to vet light from a source 
giving interference with its image if there are enough 
streaks to insure that in the case of each electron streaks 
come to the observer direct, and also after reflexion from the 
mirror. It may be pointed out that we do not require absolute 
parallelism in the pulses, for nobody has tested the variation 


Provided that the pulse has a sufficiently small 
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of quality of the X rays with distance over distances of more 
than a metre or so. Indeed, absolute parallelism would lead 
us into difficulties with regard to the interference of light 
from distant bodies like the stars, since, unless the streaks 
from each electron were practically infinite in number, no 
electron in the star would succeed in sending more than one 
streak to our planet at most, so that we could not get inter- 
ference. The slightest spreading, however, releases us from 
our difficulty. In fact, all that is needed is sufficiently little 
spreading to account for X-ray phenomena over the dis- 
tances to which they have been tested, and sufficiently great 
spreading to insure that when the source of light is so far 
from the observer that the number of streaks coming from 
each electron is too small to account for interference, the 
spreading of the streaks makes up for the difficulty. 

lt may be suggested that the electromagnetic solution of 
the problem of an accelerated electron shows that the pulses 
are spherical, but I would submit that this is not necessarily 
the case. If the proof of the problem be examined, it wi ill 
be found that it is only in virtue of the simplicity of the 
assumptions with regard to the electron itself that the spherical 
pulse is obtained. Quite apart from this, however, it is quite 
conceivable that the atom in which the electron is accelerated 
exerts some kind of focussing action on the radiation. In 
fact, when we think of the atom with its spherical boundary, 
its electrons inside it, and possibly with its positive elec- 
tricity gathered together into little nuclei which as a whole 
constitute the hypothetical positive sphere, the picture of 
our electron inside it is,in the case of such short wave- 
lengths as those of X rays, electromagnetically not very 
unlike that of a source of light inside a glass globe, which 
to the electromagnetic eye is s nothing more than conglome- 
ration of electrons. 

Summary.—(1) The action of an electromagnetic train on 
the free electrons in a metal is considered. The order of 
magnitude of the want of symmetry in the expulsion of the 
8 rays is calculated. The question of the energy of the 
pulses is examined, and a method of avoiding the assumption 
of filamentary pulses is discussed. The main facts are summed 
up on p. d43. 

(2) The case where the electrons are ejected from the 
atoms is considered. A formula is deduced which corre- 
sponds to a case where the electrons are ejected from the 
atom entirely in the direction in which the waves are tra- 
velling. The formula agrees with observations for X rays, 
the fact that some @ rays come out against the wave-train 
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being explained as due to scattermg. Although the formula 
shows the velocity to be proportional to the frequency, 
there are reasons why it should not apply for photoelectric 
effects. 

(3) A modified form of the last theory is discussed appli- 
cable to photoelectric effects, explaining the want of sym- 
metry &c., and becoming identical with the above theory 
for X rays. The theory is first developed making use of 
the Planck unit, and afterwards without utilizing this idea. 
In the Appendix (problem 4) a theory is developed which 
is in some respects more complete than the others. The 
paper concludes with some remarks on filamentary pulses, 
and a calculation of a possible relation between the widths 
of the pulses and the wave-lengths. 


APPENDIX. 
Problem (1). The question of damping due to radiation. 


The equation of motion of an electron, allowing for 
radiation, is of the form 


y Diane i) Ng 


Putting Y in the approximate form Y= Yo sin iis t we see 
that approximately » 


pee. and y=—— a ¥; cog ae 


MWe m 211¢c Xr 


2 2 
Hence é = y is of the order aE . Even when 2X is as 
3 mcy rum 

small as 10-° the term will only amount to 6 x 1074, which 
is insignificant compared with unity, so that damping may 
be neglected. 

Variation of mass with the velocity may also be neglected 
to the degree of accuracy to which we are working, since it 
depends on terms of the order #7/c’. 


Problem (2). Integration of equations (5) and (6). 


In the first case we may notice that, provided that we do | 


not apply our results over too many periods of the waves, 


Sp yi . 27¢ 
we may replace sin > (ct—wx) by sin 5! 80 that our 


7... en 
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equations of motion become 


— 7 =Y, sin “2%, A ee eee 


2 = Xo, Se ME ae Cog. 
(33) and (34) lead, as we have seen, to 
4 


=e ys Sieg so ee ee 


for a case where «= =0 when t=0. 
By integrating (33) subject to y=0 when ¢=0 we find 


Yen a) ITC 
= Silla =a us 
cmir Xr 


and from (35) ca 1 (22) si ag 
* Oe 


CMT 


Problem (3). The case of a damped train of waves. 


The relation «= ay holds, as we have seen on p. 536, 


for the general form Y=Y,P(ct—z2). Let us specify our 
damped train of waves by 


: L225 
YSYVoe 0"? sin" (ct—w). 


We have to a sufficient degree of accuracy for our purpose 


on 
Seiad nied ENV —act yao! 4 
y=— Xoe sinc, eemmmmre (2) 
leading for a case where y=0 when t=0 to 
: Yoen 
ae r72a4 
2emer(1+ z)’ 
Aq” 


the time being considered to be so great that the amplitude 
has sunk to zero. 
It is interesting to notice that if a is so large that 
2 
si is large compared with unity 
2erY oe 


era 
mera? 


= 


showing that if a is independent of 2, y is proportional to 
the frequency. 
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We may point out that if the energy per unit cross- 
section of the wave be calculated it will contain a? in the 
denominator. 


Problem (4). Solution of (19) and (20) when p is not zero. 
The solution of (19) subject to y=y = 7 =0 when t=0 is 
still given by (22) leading to 


c Y 0@ 
—= —_- 1 2 e 
y ia tsin Zarnt 


The solution of (20) subject to c=e=x% =0 when t=0 is 


NG eine 2n?(4n?—3p?) . 
ef Se ) { 5 n en SEO. Ot at t cos Anrnt 
c \4arm pe? orp? (An? —p”) An? —w* 
2n sin 4rnt 
—- ; She 7 
m(4n?—p?)? J? (37) 


which on differentiation leads after a little reduction to 


CL ean ( =) Bn OM is 242 sin? apt nt sin Aant 
== 2n?t’ > 
di” 4e0\m (4n? —p?)? mw pt? ~ (4n?—p’) 


i hip ame 1 
ee : (38) 


When yp is absolutely zero this of course reverts to the 
expression found on p. 549. When yp is small compared 
with n but not necessarily zero, we have 


A i 


~ 8e 


2 -m2 178 
1 (ae <) ee sin? apt — 7 nt sin 4arnt + - sin? ant b 
Tm he 2 s 
: (39) 


After a few oscillations of the wave the last term becomes 
unimportant compared with the others. The first term must 
not be neglected however, since it is multiplied by the large 


9 
: nr . : : . . 
factor —,, In fact this term is all important until a time ¢ 
2 
ES 7 . * 
has elapsed such that > nt= —,, or until a number of oscil- 


lations p of the light-wave have taken place such that 
Pa a p : ) . 

p= =, (since p is of the order nt). For example, if 
T Mh 


n= 30 it would not be until 600 oscillations had taken 
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place that the second term would become of the same order 
as the first. The first term is always positive, and while it 
is all important ~ must always be positive. The second 
term is oscillatory in sign, however, and when it becomes so 
great as to mask the first term, # may be positive or nega- 
tive. We see, however, that there is time for plenty of 
oscillations before it becomes important. 

In order that the theory in the form in which we have 
developed it on pp. 547 to 549 should strictly speaking 
apply, it is necessary for « to be so small compared with n 


sin? ryt . Phere 
that a = is sensibly unity, in which case of course (38) 
7 


reverts to the form given on p. 049. 
To take an illustration, suppose that apt must not be more 


than = We must have pt<4, and since p=nt approxi- 
mately, this means that we must have E < Ap? 2. €. in the 
7 
problem considered on p. 550. = 320. 
pL 


Expressing the results of the theory in the form here 
developed, we have from (39), since nt=p approximately, 


ie Ne, \ 271 tee : 
a eS a. Pp, approximately, . (40) 


a | ae 
Sce\mnm/] pw 


subject to the restriction that 


so that from (28) and (29), which still apply when , is not 
ZeYO, 


Liv A SEES ae 20 
Se ee v=, 
1% Wt mp 


TE Te NAO a Sate tT Be 
a Se Ga —— 2 
= 9 oS ep SU ena (42) 
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LVI. Graphical Construction for Steering Course of a Ship. 
By Joun Wyuiz, B.A., Demonstrator of Physics, Queen’s 
University, Belfast *. 


NIVEN a number of parallel belts of water, along any 
one belt the water flowing with constant velocity but 
the velocity varying from belt to belt, to find the minimum 
time path and the course a ship should steer going from a 
point in one belt to a point in some other belt. 
1. Fora single belt the true motion of the ship is the 
resultant of the two velocities, v that of the current, and u 
that of the ship in still water. 


Fig 1. 


In fig. 1 let A be starting point. Draw AC to represent 
v, and on same scale describe a circle with centre C and 
radius u. Thenif B be any point on this circle, the ship will 
gofrom A to B along line AB by steering in a direction 
parallel to CB. Since AB is a straight line, AB will be the 
minimum time path between A and B, and so long as A is 
inside the circle, that is v less than wu, this holds from A to 
any point of the circle. 

But if v be greater than u, then, as in fig. 2, AB, steering 
parallel to CB, will be a minimum time path; but AB’, 
steering parallel to CB’, will not be a minimum time path. 
AB/ will be the minimum time path for steering course 0’B’ 
where C’B' is parallel to CB. 

It is easily seen that if v is less than w it is possible for 
the ship to reach any point in plane space, but if v is greater 
than w she cannot get outside of the angle bounded by the 
tangents AT and AT’. 


* Communicated by the Author. 
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A 
Should it not be thought self-evident that the straight line 
joining two points is the minimum time path, consider fig. 3. 


AB is the straight line path from A to B. Let AFB be any 


Fig. 3. 


other path, AF and FB being straight lines. Take 
Ole OE tala. 


Then CF will be steering direction for AF. Let circle with 
C centre and CF radius cut ABin EH. Produce CE to meet 
vertical through Bin D. Describe circle with D centre and 
DE radius. This circle cuts FB in G, G lying between F 
and): As in fig. 1 


time along AE = time along AF, 
and time along EB = time along GB, 


therefore time along AB is less than time along AF and FB. 
Now AFB inay be taken as three consecutive points on a 
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curved path, and by the above the time along the chord AB 
is less than the time along the are AFB. This can be ex- 
tended in the ordinary way to any size of an arc, so that 
finally we get the straight line law as above. 


Fig. 4, 


2. In all that follows, as in fig. 4, A, the starting point, is 
taken as origin of axes, and belts are all parallel to Ay. 

Positive direction of currents 1s upwards. 

het AC CB = ws u, figs. 

Then CB will be steering direction for minimum time 
path AB. Drop AD a perpendicular to CB produced, and 
CM a perpendicular to edge of belt through B. Let breadth 
of belt be a, and angle MOB be a. 

Then 

Die RC A EC 
or 


LAGE Nee = Dre a 
v d 
DAv === 0.) ya conseant, 
U 
e P . UV 
CB touches a circle centre A and radius -a., 
U 
So to go from A to any point B, the steering course is 


found by drawing from B a tangent to this circle. As two 
tangents can be drawn from B it is necessary to discriminate 
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between them. The one touching the upper half of the 
circle is used when v acts up, that touching the lower half 
when v acts down. The time of doing AB is the same as. 
that taken to do AC with velocity v, or CB with velocity wu, 


AC CB 
i i Oe sare 
U U 
Fig. 5. 
x ee 
ac 
ok) 
M, NS 
of Ds. 
| BR 
IB, 
G 
e, 
ye 
D a M, 
lore G | Sah ae aAz- = 


3. For two belts, velocities v, and v,, and breadths*a, and 
dy, fig. 5, to find minimum time path from A, in first belt te 
C. in second belt. | 


fn e s 1D) 
Describe circle centre A, and radius ~ ay 
t 


e e Uv 
and circle centre C, and radius — ay. 
U 


Then for any path A,C,C, the steering directions are B,O; 
Phil. Mag. 8. 6. Vol. 25. No. 148. April 1913. 2Q 
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and CB, these being the tangents to the circles, and touching 
at D, and D; 


Time from A, to C. = A,B, | BC, 


Vy OP 


Let C,/ bea point in the common edge very near to C, so 
that D,C,' and C,'D, can be taken as the steering directions 
for path A,C,'Co. 

When A,C,C, is a minimum time path the times along 
these two paths will be the same, 


A:By , OB, _ AB , CBs 


Uy U9 Uy V9 
be eae i 
on = Vo . e e e e . e . . ( / 


Drop perpendiculars D,N,M, and D,N.M, on the edges of 
the belts. 
Then by similar triangles 


Bab, : CiCa = DN, = D,M,, 


Vy : 

— a, SIN @ 
aie See CQ! U : 
D,M ee Oh 


1 
= ae sin 4, +a, 


aa Ba Ba = OC xX 


1B) 
= Wr Pie eee Lew e 
U 


sin ay 
Similarly, 
v 
BBs — OC : 
u 
Vv e 
2 sin ao 
Substituting into (1) gives 
u U 
eS = Vo + TOPO * ~ S : < (2) 
SIN a, sin ao 


which is the condition to be satisfied for a minimum time 
path. 

This condition is independent of the breadths of the belts. 
It may be called the “ Law of Refraction” as regards the 
steering directions in passing from one belt to another 
flowing at a different velocity. a, and a being the angles 
of incidence and refraction. 

It follows at once that for any number of parallel belts 


= &.=K say, 


U U 
No whee tase on =o + 0 =Vs + 
SIN @1 S1N &»o sin Aas 
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the value of K depending on the direction chosen in the first 
belt but remaining constant throughout that path. 


: u Py 
4, It is easy to represent the function v+ Sn a Seometnie 


ally, fig. 6. Describe a semicircle centre A and radius w. 
Draw a radius AB at angle « with Az. Draw a tangent at 
B cutting Ay at T. Take TV, measuring up, equal v. 

Then 
U 


and AV=v+ Bray a 
sin a 


AT= 


sin a 


Also take AS, measuring down, equal v. 

Join SB, and draw AC parallel to SB. AC will be true 
path where AB is steering direction. The dashed letters 
give the construction for a negative value of K. AC’ being 
true path for steering direction AB’. 

d. To apply this construction let there be a number of 
parallel belts, as in fig. 7 (p. 564), the velocities in the belts 
being 1, 2, 3, and 2 units, that of the ship u being 5. 

Describe semicircles with centres A,, Aj, Az, and Ay, and 
radius 5. 


2Q2 
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Let A,B, be steering direction in first belt. Draw 
tangent B,T, and mark off T,V,;=v,=1. Then A,V,=K ~ 
the constant for this particular path. Cut off 


A.V. =A. Ve = IK; 
lg 
Vs | 4 2. Vs 


3 hg 
i wai 
; ty 


ue 
TF 


ol 


a 


Measure down 


VoTo=2, V3l3=3, V.T,=2. 
Draw the tangents T,B,, T;B;, T,B, Then A,By, A;B;, 


A,B, will be the corresponding steering directions, 
and taking Ae) Aas 8, AB, 
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‘measuring down, the true path is got by drawing 
A,C, parallel to 8,B,, 
C,C, parallel to S,B,, and so on. 


The dashed letters in the lower half of diagram give a 
path where K is negative. It is evident that if the first 
steering direction is positive, all the steering directions for 
that path are positive, and if the first is negative all are 
negative. 

6. Regarding limiting values of K: (1) K positive. If v 
is negative, construction is always possible since T is always 
outside the circle. 

But if v is positive, T must lie between V and the circle. 
Therefore K must not be less than u+v. 


Fig. 8. 
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In fig. 8 velocities in belts are 2 and 4, u=5, limiting 
value of K is 9. A,C,C, is the true path for this value. 
K must be greater than 9 if the path is to cross the second 


~ 
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belt. Stated generally, if all the belts are to be crossed, K 
must not be less than u plus the greatest positive velocity. 

Suppose the velocity in second belt so great as to bring 
the point T, down below the circle as at T,’, the drawing of 
a tangent would be again possible. Then 8,’ would be as 
in figure, and §,'B,’ produced would cut the circle again at 
B,". That is A,B,’ is steering direction for path parallel to 
S,'B,’. But it was pointed out in paragraph 1 that this is 
not a minimum time path at all. Hence T, cannot come 
below the circle. (2) Similarly, if K is negative K must 
not be less than w plus the greatest negative velocity. 


Fig. 9. 


vs = 5,4, => 


7. Fig. 9 shows four minimum time paths, Aja, AjA; 
Ayy, and A,é. The construction has been modified in a way 
which simplifies somewhat the drawing. The S points are 
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taken on the horizontal line Ayy. (A, and 8, coincide since 
the velocity in the first belt is zero.) The points A,A, &e., 
form with A,y the velocity diagram. The semicircles are 
described with the A points as centres. The first T point 
being found, a horizontal line through T gives all the other 
corresponding T points, thus avoiding the necessity for a 
second measuring of the v’s. The points a, B, y, 6 on the 
circles are the points of contact of the tangents correspond- 
ing to the four paths. The dotted lines with arrows drawn 
across the belts are the steering directions for those belts, 
the heavy lines being the true paths. 

In this diagram the breadths of the belts are all equal, also 
the velocities in belts 1&9, 2&8, 3&7, 4 & 6 are equal, 
that is things are symmetrical about belt 5. When the path 
crosses belt 5 it changes the direction of its curvature, other- 
wise the second half is a repetition of the first half. This 
arises of course from the fact that the directions in two belts 
having the same velocity must be the same. 


N.B.—There is an error in fig. 8. Instead of 8,B, being 
produced, A,C, should have been drawn parallel to 8,B,. 


LIX. On an Exact Mechanical Analogy to the Coupled 
Circuits used in Wireless Telegraphy, and on a Geometrical 
Method of Interpreting the Equations of such Circuits. By 
Professor THomas R. Lyn, W.A., Se.D., F.R.S.* 


1. JF a periodic E.M.F.=E acts on a circuit having 

resistance = HK, inductance = L, and capacity = K, 
it is well known that the current C produced will satisfy the 
differential equation 


R 1 
~ ( ‘gears a) “ 
where D stands for d/dt. 


If pesto 
era ek <TR ae aie 


this equation can be written in the form of Ohm’s law as 
7}C=Ey 2) tour ble OS) 
where r represents the differential operator 


D?+2AD +p? 
D 2 


* Communicated by the Author. 
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If E=0, and if the condenser be charged and then allowed 
to discharge through the circuit, Lord Kelvin first showed, 
that provided p?>X?, damped harmonic electric oscillations 
ensue whose period is equal to 


29r 
Ver? 
which, if X is small, is very approximately 


EN / KL. 
Ie 


In the sequel 27/u will be called the natural period, and 
y the natural frequency of the circuit ; » will be called the 
damping coefficient of the circuit, and a circuit such as the 
one here dealt with will be called an oscillating circuit. 


2. If two inductively coupled circuits, that is, two oscil- 
lating circuits so placed that they act inductively on each 
other, have vibratory currents C,and ©, circulating in them, 
and if M is the mutual inductance between the circuits whose 
other characteristics are identified by the subscripts 1 or 2, 
then the E.M.F.in circuit 1 is equal to —MDC,, and in 
. circuit 2 is equal to —MD(C. 

Hence by I., § 1, 


mC, = —MDC, (I.) 

r2C, = —MDC,. 

As C,=K,DV, and C,=K,DV., where V, and V; are the 

values at any instant of the P.D.s of the condensers, we find, 

after substituting for C, and C, in the above equations and 
integrating each once, that 

r,KiV, —_ — MDKGYV; ; 


(II.) 
17 Ky Vo = —MDK,V;, 


as the constant to be added in either case is obviously zero. 

Eliminating C, or Cy from equations I., or V, or Vo from 
equations II., we find that ©,, Cy, Vi, or V2 will satisfy the 
differential equation 


(7119 — M’?D?)¢ — 0, 
that is 


{ (D+ 24D + my2)(D? + 2roD + ps”) — r1,>* }4 = 0, 
4j Lip 
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which, when damping is neglected, reduces to 
{ (D?+42)(D?+m4?)— Dt }g=o0. . LV) 
if M2 lie if 


M/ ’L,L,, usually spoken of as the coefficient of coupling, 
or the coupling, of the two circuits will be represented in 
what follows by siny, and wWwill be called the coupling 
angle, so that 

M? 
a ea 
sin* ap = ope 


3. Consider now the motion of the following mechanical 
system when making small oscillations. 

A horizontal beam of mass M is so supported that it can 
move freely in the direction of its length, and from it two 
simple pendulums of lengths 1, and /, with bobs of masses 
m, and my, are suspended by means of V suspensions so 
arranged that the bobs are constrained to move in the vertical 
plane through the axis of the beam (see fig. 1). 


Big. Ay 


Let the position of the beam be specified by wx, the hori- 
zontal distance between its end and a fixed origin, and that 
of the pendulums by @; and @,, the angles they make with 
the vertical, 0, being measured towards the left and 6, 
towards the right; then if T be the kinetic and V the 
potential energy of the system when making small oscillations, 


2T = Mex?+m;(a- 1,0,)° + me(a+ 1,02)? 
2V = (1741,0," + mel202”), 
and as 


a ovallin aN 


dt” ag * dp Tae 
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where ¢ is any one of the coordinates, we find that 
(M+ my + me) 4 ~—m41,0, + gloO = 0 
—#+1,0,+ 90, ==() 
#+ 1,0, + 96, = ()y 


Hliminating x from the first and second, and also from the 
first and third of these equations, we obtain 


COSMO fo Uae | 
and co rie 
(ib2 == fo”) 0, = —pD?6,, y) 


where 
»  M+m+m, g o  M+m+mgq ) 
fh Fe M+m, 1,’ Sanaa Mio, ae 
+ dL) 
asain in ity 
o> ii Mae? P27 M+, J 


Hquations II., § 2, connecting the P.D.s of the condensers 
in the coupled circuits can, when damping is neglected, be 
written in the identical form of equations I. of this para- 
graph, and the values of the constants for the electrical case 
are given by 


| 
L . 
je cy ce pd aes eaten 
ea Pie Naa aye ta Be cy! 


Hence the angular displacements of the two pendulums 
in the mechanical system are mutually connected by equa- 
tions identical in form with those which connect the P.D.s of 
the condensers in the electrical system, and as C}=K,DY,, 
C,=K,DV,, the angular velocities of the pendulums are 
similarly analogous to the currents in the two electrical 
circuits. 

If in the proposed system the strings of the second 
pendulum become rigid and be rigidly attached to the beam, 
then D’é,=0, and the equation of motion of the first 
pendulum becomes 


(D? + 41")4:=0, 


that is, the motion is simple harmonic of frequency jy. 
Hence, to determine the quantity relating to the mechanical 
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system that is analogous to the “natural period” of the 
primary electric circuit, we have simply to place the bob of 
the second pendulum on the beam and then measure the 
period of the first by observation in the usual way. Similarly 
the natural period, as we shall call it, of the second pendulum 
is determined. 

Returning to equations I. above, if we eliminate 0, or 05 
between them we find that either @, or 0, will satisfy the 
differential equation 


{(D? + 47) (D? + ps”) —pip2,D*}0 = 0, 


which is identical in form with equation IV., § 2, which is 
satisfied by the variables in the coupled circuit system. 

It is evident that the “coupling ” of the pendulum system 
or the value of sin for the latter is equal to 


ag MMs 
J Pi 1 has (M+ m,)(M+mz,)° 


Hence all the variables either of the mechanical or of the 
electrical system satisfy the differential equation 


{cos” WD" + (uy? + fy”) D? + poe" = 0, . CIV.) 
where p, and py are the natural frequencies, and W the 


coupling angle in either case. 


4. In order to follow up this analogy, it is necessary to 
know fully the details of the motion in either system arising 
from analogous initial conditions. We shall therefore ob- 
tain the solution when for the electrical system the initial 
conditions are 


oe Vo=0: C,=0. C3=0: when t=, 
the usual initial conditions to a disturbance in a Marconi 


transmitter, and when for the mechanical system the initial 
conditions are 


@. = Hi, 7, =0, 6,=0, 6,=0, when i 


Let us put a for p,’ and b for pu,” in equation IV. § 3, 
and it becomes 


{cos? D*+ (a+b) D?+ab}¢ = 0. 


Proceeding with the solution of this differential equation 
in the usual way by obtaining the factors of the operator 
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considered as a simple quadratic function, we find that 


_ —(atb)+ V (a+6)?—4ab cos? 
Ny 2 cos? 


DD? 
_ —(a+b)+ V a? +b? —2ab cos 2h 
aT 2 cos* 


If, now, a and 6b be taken as the two sides of a triangle 
whose included angle is 2, then as 


cos my focal) 


where c is the third side and a+b+c=2s, the roots of the 
quadratic are equal to 


So ab 
cos? yr s 
and 
Far tints Sia top one ab 
| cow Se 
Hence if 
ab ab 
2 2 
@ = ~— 9p = 
1 S 2) OP sc 3 a . e ° (T.) 


the differential equation is reduced to 
(Do +.@;7)(D? +@.7)6 = 0, —.. =a 


which shows that the resultant motion is that due to two 
superposed harmonic motions whose individual frequencies 
are w, and @>». 

Tt will be seen in the sequel that the above method of 
presenting the solution for the resultant frequencies by aid 
of a triangle (which we shall call the triangle) simplifies 
many of the considerations relating to coupled circuits. It 
at once enables us to follow the variations in the resultant 
frequencies due to variations either of the coupling or of the 
natural frequencies of the two circuits. 

Thus if the natural frequencies of the circuits be constant 
while the coupling varies from very loose coupling when 
aris small to very tight coupling when approximates to a 
right angle, and consequently the angle 2 included between 
a and b becomes nearly 180°, the squares of the reciprocals 
of the frequencies are given by 


if ua Cc 
@) Jab = 'Zabi 
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¢ gradually changing from a—8, its value for infinitely loose 
coupling, to a+6, its value for infinitely tight coupling. 

Again, if the natural periods of the circuits are equal, the 
triangle is isosceles, and it is easy to show that the resultant 
periods 7 for any value siny of the coupling are always 
given by the formula 


r=,/2tsin(7 +4), 


where ¢ is the natural period of either circuit. 
Similar statements will obviously apply to the coupled 


pendulums. 


5. Dealing with the electrical system, the general solution 
of equation II. § 4 for the currents is 


Ci wary Cos @,t + Bi sin Wt + Py COs Wot “+ QQ, sin @ot 
C= A, cos at + B, sin wt + P, cos wot + Q, sin ast, 


where A,, B,, &., are constants to be determined. But C, 
and C, are connected by the equation (see I. § 2) 


L,(D? a a) Cy + MIP, = 0, 
in which a, one side of the triangle, represents p,? as 


before. 
Hence 


Po ee Q,  Li(a—@,”) _ mee s—a 


Substituting from these equations for A, Bo, P., and Q, in 
the expression for C,, we find that 


L 
C,= mary PAL Cos wt + B, sin wt) —(s—a)(P, cos wt + Q, sin o,f) } 3 


Now as C}=C,=0 when ¢=0, it follows that 
A,=O0 and .P,=0;) 


hence 
C, = 5, sin @ t+ QQ, sin Wot 
L : 
= at C- 6) B, sin wt — (s—a) Q, sin oy} 


O74 Prof. T. R. Lyle on Mechanical Analogy to the 
and as KV] Di tC), KV.= DG, 


B 
K,V,=—- FY COs wt — cos Wot 


K,V,.=— (sb) = "C08 at (sa) 05 ont}, 


But when t=0, V,=E and ale therefore 
Bi AF Qu = —K,E 


@1 Do 


which give us 


B, pee sS—a 


KE, 1 Sohn 


WM) C Wo 


where a, b, c, and s refer to the triangle. 
Hence for the initial conditions V,\=H, V.=0, Cj =C,=0 
when t=0, the complete solution is given by 


Vi=—{ (s—a) cos wt + (s—b) cos oy | | 
| 


We = pot ={ COS @,t — COS Wot } 
‘ (1.) 
C,=—K, mat @)($ —a) sin @1¢ + @(s—b) sin wot \ 


ae 


C= paKs 54 —o1 SIN @f + @, s1n os hy 


where 
_ KM 
Emeka: 

(see equation IIT. § 3). 


The complete solution for the pendulum system for 
analogous initial conditions is obviously given by the same 


equations. Thus, if when t=0, 6,=E, 0.=0, 0,=0, 6,=0, 


i= —{ 6-4) Cos wt +(s—b) cos ast | 


bM 


7 E 
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where 
ee 
fe Woe 

(see equations II. § 3). 

The motion of the beam is also the resultant of two super- 
posed harmonic motions of frequencies , and w, and can 
easily be obtained from the consideration that during the 
motion, when the initial conditions are those assumed above, 
the centre of mass of the system must remain fixed, hence 


M+m,+m,) a —1,m,9, + lom.6,=constant. 
( 1+ mz)a— 1, 


6. It is interesting to consider the analogies between the 
constants of the two svstems. 

Taking as the starting point the correspondence between 
V and @, then as the energy expressions must be equivalent, 
that is 

EK, VY? and = $791,607, 
therefore 
K,w~ mhigy 


K, (ee) Moloo 


where the symbol ~ means analogous to. 
Again, as 
C, = KI DY; 


Cy myl,gO, 
Cy 0 mely9O). 
As the frequency must be the same thing in both systems, 
1 M+m,+m, g 


Ie Oe ae 


hence 
i! M+m 
a; nl ts J ee oie Se ee 
ape g? m(M + m+ mz) 
r a M+m, 
a g Mmo(M +m, + m2)’ 


The coupling must be the same for both systems, so that 


2 


M? a M,™Mg 
L,L, (M+ m,)(M + Mg)’ 
hence 


1 


M co o?(M +m, + mz) 


576 Prof. T. R. Lyle on Mechanical Analogy to the 


As a test of the accuracy of these conclusions it is easy to 
show that T, the kinetic energy of the pendulum system 
given in § 3, can be easily reduced, by aid of the relation at 
the end of § 5, to the form 


31,07 + MC,C, +41,C,? 


(the expression for the kinetic energy of the circuits), where 
the symbols in this expression represent their analogous 
quantities given above. It is also easy to show that if T be 
re kinetic and V the potential energy of either system, 
then 


27T = Kj H? i oe gin? @é+ te SIN? Wot h 
@ C 


BY 


i) eee CGD! { =~ 008! @t + = cos? ost : 

7. It should now be admitted that the mechanical system 
or model proposed is a perfect analogue to the coupled 
circuits of a Marconi transmitter. The model should there- 
fore be useful in demonstrating many of the properties and 
-much of the behaviour of such coupled circuits. 

Its construction is so simple that anyone can design a 
suitable apparatus for himself if he takes sufficient care to 
minimize friction. A description of the model that I have 
found satisfactory may, however, be desirable. 

The beam consists of a square brass tube 1 in.x 1 in. x 
18 in., to the two opposite sides of which are screwed and 
sweated four short steel straight edges to act as runners, two 
near each end with their running edges projecting below the 
lower face of the beam. The bearing edges of these runners 
are all carefully scraped so as to be straight and to all lie in 
a plane parallel to the upper surface, and to the axis of the 
beam. The pair of runners at each end now rest on the 
cylindrical steel spindle ;8; in. in diameter joining two light 
but rigid brass disk wheels each 24 in. in diameter. Great 
care was taken to have the surfaces of the spindles and the 
rims of the wheels coaxial, and to have the diameters of the 
wheels and spindles that support one end of the beam exactly 
equal to those of the wheels and spindle that support the 
other end. 

The wheels run on a bed made of a strip of good plate 
glass 30 in. x3 in. firmly supported so-as to prevent any 
tendency towards flexure, about 3 feet above a table, and 
carefully levelled. 

To the upper side of the beam are attached two cross. 


eee 
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rods of wood, one near each end, and both perpendicular to 
the axis of the beam. In each of these rods two holes, equi- 
distant from the beam, are drilled, through which the upper 
ends of the thread forming the V suspension of each 
pendulum pass. Ordinary binding screws on the upper 
surface of the rods serve to make fast the strings and render 
quick adjustment of length easy. The distance between the 
holes in each rod should, of course, be sufficient to enable 
the V of string supporting each bob to clear the bed and its 
supports, the bobs of the pendulums being vertically under 
the beam and bed, and able to move only in a vertical plane 
parallel to the axis of the beam. 

To the upper side of the beam opposite the runners at 
either end are attached two platforms, on which the masses 
used to vary the coupling can be placed. It was shown in 
§ 3 that the square of the coupling or sin? is equal to 


M2, Mp5 


(M + m,)( M+ mg) 


where M is the total mass of the beam, so by increasing the 
load on the beam, M in the above will be increased and the 
coupling diminished. 

Equal masses should be placed on each platform, and the 
platforms should be directly over the bearing spindles when 
the system is at rest, in order to reduce to a minimum any 
tendency the loads might have to bend the beam. 


8. In order to exemplify the use of the model for the purpose 
of illustrating the properties of coupled circuits, I will 
describe some experiments on the relation of the resultant 
periods to the natural periods and the coupling. 

Adjust the pendulums to be of about the same length, say 
2 ft. 6 in. or 3 ft., put different masses for the bobs, say 
make one twice as heavy as the other, and make the coupling 
loose by arranging that the mass of the beam shall be at least 
ten times the mean of the masses of the bobs. 

Determine by observation the natural period of each 
pendulum. As has already been explained, this is done for 
the first by placing the bob of the second on its platform and 
counting the number of swings made by the first in a given 
time in the usual way: similarly, determine the natural 
period of the second pendulum. The natural periods can 
now be computed by means of the formule in § 3 if the 
masses and lengths have been measured. 

To the actual mass of the beam and its load must be added 
a correction for the wheels to obtain the value of M in the 


Phil. Mag. 8. 6. Vol. 25. No. 148. April 1913. 2R 
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formule referred to. Itis easy to show that if the wheels 
or rollers are constructed as I have described, this correction 
is equal to 


oH? +1 


where w is the mass and I the moment of inertia of each 
complete roller, R the radius of a wheel, and ¢ the radius of 
a spindle. 

The agreement between the observed and computed natural 
periods will enable one to judge of the perfection of the 
model. 

Now impart motion to the system, the initial conditions 
being those already specified in §§ 4, 5. 

To do this, first bring the system to rest, then steady the 
beam with one hand and with the other hold the bob of the 
first pendulum slightly deflected, and then let bob and beam 
go simultaneously. 

It will be seen that the second pendulum begins to swing 
and continues with increasing amplitude, while the amplitude 
of the first at the same time diminishes. This goes on to 
a certain point when the reverse takes place, and the transfer 
of energy forwards and backwards many times between the 
two pendulums is strikingly demonstrated. 

From this motion the resultant frequencies ; and , can 
easily be obtained by observation. 

For the motion of the second pendulum is given by 


E 
0 = pot =} 608 @t— COS Wot 


H - Wy—Q, . @ + @, 
= 2 pa sin —5— t sin —9— ; 


ed 


which shows that it is a vibration whose amplitude 


@W2o— Wy 


2 oat . sin t 
varies harmonically with a frequency 
=3(@2—@)), 
while the oscillations of the pendulum have a frequency of 
3 (@2+@)). 


Hence, if we count the number of double swings the 
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pendulum makes (=n say) between 11 points of rest, that is 
dnring 5 periods of amplitude change, then 


giving the ratio of @, to ws. 
Now measure in the usual way the period of the individual 
swings of the second pendulum, which is equal to 
Aq 
Wo as 1 


From these two results w, and w, can be deduced, and the 
values so obtained can be compared with those computed by 
means of the triangle formule given in § 4. 

In this connexion it is interesting to note that if the 
pendulums are of the same length /, and have bobs of equal 
mass m, then one of the resultant frequencies is always the 
same as that of an ordinary simple pendulum of length | 


with a rigid point of suspension, that is, it is equal to V all, 
no matter what the coupling may be. 
For in this case (see § 3) 


. Beebe m 
sinwk = Vp, p= M+m 


and 
op MA 2m g ac 
Oo 6 Ban tea 7] = (1-} sin vb) 1” 


and as the “triangle ” is isosceles, 


s=a(l+siny), s—c=a(1—sinw) 
but 


Broke ab 
a ae Oy = ay 
hence 
@” = 7 Wo" — : aa v a 
l 1—sin  / 


for all values of sin w, the coupling. 


9. The surging of the energy forwards and backwards’ 
between two coupled circuits is very well illustrated by the 
model. 

When the P.D. of the condenser in a circuit is at the full 
amplitude for a particular oscillation, the current in that 
circuit is zero, and all the energy in the circuit at the instant 


2R2 
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is 3K V? where K is the capacity and V the P.D. of the con- 
denser. Hence the square of the amplitude of the condenser 
P.D. at any time may be taken as proportional to the energy 
in the circuit at that time. The analogous statement for the 
pendulums is obvious. 

Let us consider the surging of the energy between two 
coupled circuits (or coupled pendulums) that have been 
tuned so that their natural frequencies are equal. 

Then a=b, s—a=s—b=4 c, and the equations I. of $5 
giving the V’s or @’s become 


V,=+E (cos at + cos wef), 


Vas Hy / 22 (cos @,t— cos Got ) 
1 


where | 
po Bi _ ly ireui 
Dem Ty, or the circuits, 
__ bm, 


for the pendulums. 
go 


These equations can be written as 


@W.—-@ @t@ 
Vee Hicos, = eos 2 ts 
) 2 9 


V = Ey /# . ae Tad * @2+ @, -7) 
9 = Me ara cos 9 t 9 Jo 


showing (1) that the amplitudes vary harmonically and have 


: 7 
a constant phase difference of 3? that is, when one waxes 


the other wanes ; (2) that the oscillations also have a con- 


: T 
stant phase difference of 5 their frequency being 4$(@ + @;). 


From the values for / z given above it will be seen 
1 
that 


the amplitude of the amplitude or the maximum amplitude 
of V., is independent of the coupling when a=, but that 
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this maximum amplitude is only attained in the time ¢ 
given by 
@5— Wy, ai 
———— f = > A 
2 Be? 
and as the “ triangle” is isosceles it is easy to deduce that 


Mepcos iy E 
sin y/2 4 


Qa i ; : 
where T= —— =the natural period of either circuit. 
a 


Tt will be seen from this expression for ¢ that as the 
coupling (sin) diminishes the time ¢ required for V, to 
attain its maximum amplitude increases, and when the 
coupling is zero (i.e. when y=() it requires an infinite 
time for the maximum to be reached. 

The above can be very effectively demonstrated by the 
model, the coupling being regularly reduced by loading the 
beam and if necessary diminishing the masses of the bobs. 

From the remarks at the beginning of this paragraph, we 
may write the energies in the two circuits at the time ¢ as 
being equal to 

4K, E? Cog; 


and 


. 5 @—@ 
he sin 5 *¢ respectively. - 


e 
ad 


These expressions show that 3K,E?, the whole of the 
energy in the system, passes from either circuit to the other 
and back to the original one in the time ¢, given by 


Wy— @W, 
2 

so that t,, which we shall call the period of the surges, is 
given (easily by the triangle) hy 

COP are 

sin p/2 2’ 
where T is the natural period of either circuit. 

On the other hand, we have seen that the frequency of 


the resultant oscillations in either circuit is $(@,+@,), and 
if ty be their period, we easily find by geometry that 


_ cosy 


° cos W/2 ~~ 


(,=T, 
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Hence the number of oscillations in one surge is 


i scot, 


0 


which increases and finally becomes infinity as the coupling 
is loosened. 

Now the efficiency of the secondary circuit as a radiator 
depends both on the energy of each oscillation and on the 
number of oscillations that follow each other in a train, and 
we have seen that when a=b the maximum amplitude, and 
hence the average energy of an oscillation during one com- 
plete surge, is independent cf the coupling. Hence the best 
arrangement is to make the coupling as loose as is consistent 
with the oscillations attaining the maximum amplitude before 
damping and radiation have reduced them too much. Thus 
is explained the advantage of the loose coupling in the Marconi 
transmitter. 

10. In the general case, when the circuits are not tuned to 
the same natural frequency, we have (see § 5) 


Vi= - { (s=a) COS @f + (s —b) cos ont } ‘ 


which may be transformed to 


Vi= TA/ (=a)? + (s=DP +2(8—a)(s—6) Cos (@)—a@,)t 


XxX cos (f° é + 5) 


— \/ 1— 4. sin sin? 2 Ory cos(2 174-8) 


where 


WM )—@W 
9 ? 


tan 6 = be tan 
¢ 
and 


a 
Vo=pz ; Ei(cos w,t — Cos wot) 


which may be transformed to 
Ve=—2h fe ve sin . sip oe t cos G. t— 3) 


showing that in this case (a4b) both the amplitude and the 
phase of the oscillations of V, vary with the time, and that 
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the amplitude of V, does not become zero every surge as 
when a=6, its minimum value being 


Ey /1 —_ 42 sintyp 


which =O as it ought when a=b. 
The energies in the two circuits are now (see § 9) 


ab : : Mo —@W, 
1K (1-44 sin’ sin? — 5 t), 


Zz 
ao: ©. . 9 @2g— 1 
4K,E? x4 2 sin? sin? 5 —t, 


showing that the energy which surges into and out of each 
circuit is equal to 


LKB? x Aab 


° 
( Ca 


sin*4fr=S (say). 


If at the instant when § has all entered the radiating 
circuit for the first time the primary circuit be broken, then 
S will have to remain in the radiating circuit, which will now 
proceed to vibrate with its own natural frequency, and the 
vibrations will persist until damping and radiation have used 
up the energy 8. 

This is the theory of the quenched spark which can be 
very strikingly demonstrated by means of the pendulum 
model, 

In doing so, it is obviously impossible to perform on the 
first pendulum the action analogous to breaking the primary 
circuit without disturbing the motion of the remainder of 
the system. Instead of placing the bob on its platform, the 
result desired can be very approximately obtained by taking 
it in the hand so as to slacken its strings. 


11. The “triangle”’ with its associated equations will be 
useful as a means for solving many questions dealing with 
the tuning or adjustment of the circuits. 

As examples, three cases will be briefly considered. Many 
such cases will present themselves or arise in practice. 

(1) let us investigate the conditions for obtaining the 
greatest maximum amplitude of V,, the P.D. of the secondary 
condenser, for a given initial value E of V,. 

By equations l. § 5 the max. amp. of Vz, is equal to 


b> M 
Py gos 
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For this to be a maximum, if M/L, be given, b/c must be 
a maximum. 

Let the coupling be given also, so that the conditions now 
are that the ratios 


M: L,: L, are given. 


When the coupling is known the angle included between a 
and 6 is fixed, and it is easy to show that in the triangle the 
ratio b/c will be a maximum when the angle opposite bis a 
right angle. Hence, in this case, when the max. amp. of 
V,. is a maximum, 


a = bcos 2w ; 
and the max. max. value of V, is easily shown to be equal to 


ie Ate 
2coswy Vo ls 
which as L,/L; is given obviously increases as yy, and hence 
as the coupling becomes closer. 
Hence, if T, and T, be the natural period of the circuits, 
2 20 

aot es ae ee 
Va Vb 
the tuning, or mistuning, should be done in accordance with 
the law 


T,=T, Vcos 2a, 


after making the coupling as close as is desirable. 
(2) Again, to find the tuning so that the energy that surges 
into the radiator circuit may be a maximum. 
In § 10 we have shown that the maximum energy in the 
secondary is equal to. 
4ab 


and for this to be a maximum if K, and E are given, 


Aab . 


3 sin? 


must be a maximum. 


But 
h\2 
100 sin? y A(s eis b) 1 a ays 


C 


which is a maximum when a=), that is when the natural 
periods of the two circuits are equal. 
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(3) Again, to investigate the tuning so that the max. amp. 
of the current C, in the secondary may be a maximum. 
From equations I. § 5, 


C, =p.K,— H 4 —@, SIN @t-+@,s1n ant by 
whose resultant amplitude is equal to 
hOB, pM Bs BES Te RO SK 
Te ii Jo ae Ws" ee 21 QW, COs (@, —@)) t, 
whose greatest value is equal to 
a 
Paks Fs H(@,+ @:), 
which after a few reductions becomes 
1 sin? Vs+ Vs—ce 
M cos c 


Let one condition under which we find this to be a maximum 
be that M=constant, then as 


sin? 
cos ap 


increases with within the possible range of the latter, we 
will determine when 


i. 


Vs+Vs—¢ 
CU 
is a maximum for a fixed value of sin W, the coupling. 
Now 
Vs+Vs—c a 1 
c Ah eA SU 
and, remembering that 
c’=a? + b?— 2ab cos 2, 
we find that Ws—“s—c is aminimum when 
b=a cos’ wp, 
and that its minimum value is 
Wa .sinw, 
which gives for the max. max. amp. of C, when M and the 
coupling are given, the value 


tanw 1 E 


Me NS 
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which increases as the coupling is increased. Hence when 
M is given the max. max. amp. of C, 1s obtained when the 
tuning is done in accordance with the law q 

T,='Tsee xb, 4 
after making the coupling sin > as close as is desirable. q 


12. If initial conditions, different from those we have up 
to the present assumed, be given to the motion, either of the 
circuits or of the pendulums, different results will ensue, and 
one case is sufficiently interesting to be briefly discussed 


here. 
When t=0, let 


Va or 6,=K,, V; or G5 ee 
C, or 6,=0, Co or 6,=0, 


that is, both condensers are charged or both pendulums are 
deflected at the instant at which motion begins. 
Proceeding as in § 5, we find that the motion that ensues 


is given by 
vi, or 0. 
Pe al (s—a) Hy, + p1bH,} cos ot + {(s—b) EH, —pibHo} COs cst | ) 


— 


2 


lon 


Ws Olof 
1 


= Ee {(s—a) Hy + pb He} cos at — (s—a) { (s—b) H, —p bE 2} cos wat | 


a | 


with Ci ko DY, C,=K,DV,, 


all the symbols having the same significations as before. 
Now if the initial P.D.s or deflexions be such that 


(s—a)E, + p,bE,=0, 


the component whose frequency 1s disappears, and the 
resultant motion is a pure harmonic motion in both circuits 
whose common frequency is @:, the higher of the two 
resultant frequencies of the system. In the pendulum 
system this motion is unstable, and it is therefore probably 
unstable in the coupled circuits. 

Again, if the initial values B; and HW, be such that 


(s ai b) Hy — pb Hi, =0, 


the component whose frequency is @: disappears, and the 
resultant motion is a pure harmonic motion in both circuits | 
‘| 
| 
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whose common frequency is @,, the lower of the two 
resultant frequencies of the system. 

In the pendulum system this motion is stable, and it 1s 
therefore probably stable in the electrical system. Its sta- 
bility increases if the friction of the beam is increased ; in 
fact if there is much frictional resistance to the motion ot the 
beam, any kind of motion of the pendulums even when 
they differ much in length quickly degenerates into this 
motion. 

This suggests that the pendulum model might be used to 
illustrate some of the problems that arise in the paralleling 
of alternators. 

Substituting from the equation of condition, 


(s ae b) Hy, —p bl, = 0, 


in the general expressions for V; and Vy, we find that the 
equations of motion take the simple forms 


Vo— i COs @,t, Vo iy cos @,0, 
C, = —@,K,K, sin wt, C.= —o,K,H, sin ayt. 


Thus there is no transfer of energy from one circuit to 
the other, and it can be shown that 


4 L,C/? + MC,C, + 4 Eecy => = (KE? Se KH”) sin? Wil, 
4 KV 2 + 4 yee = 4 (K, HY? + K,E,”) cos? @,t. 


13. The model can be modified so as to be the exact 
analogue to the coupled circuits of a wireless receiver when 
receiving signals. 

The first pendulum, instead of being a simple one, is now 
a compound one, triangular in shape. The base of the 
triangie is fitted with knife-edges which rest on suitable 
planes on the upper surface of the beam, while the vertex of 
the triangle hangs downwards. 

The disturbance arriving at the receiver is imitated by a 
periodic pure couple transmitted to this pendulum from the 
beam by means of a simple electromagnet device which can 
be energized through light and very flexible wires. A 
suitable arrangement is to attach to the pendulum a short 
permanent bar-magnet, above and perpendicular to its knife- 
edge, and to fix vertically to the beam two short straight 
electromagnets, one under each pole of the permanent 
magnet, and with their windings in the same direction. 

There are well-known methods of obtaining an alternating 
current of small and adjustable frequency, suitable to operate 
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the pendulum; and when the electromagnets are energized by 
such a current the mutual stress between the beam and the 
pendulum will be approximately a pure couple. 


14. Ifthe mutual stress between the beam and the pendulum 
be the periodic couple P=p cos at, the equations of motion of 
the system can easily be shown to be 


(M+ m+ mg.) %—m,hO, + Mol. = 0 


-- f+ f2.. 
—w+ ——6,+90:= 


myh 
#+105+90.=0, 


where m, is the mass of the first pendulum as before, & its 
radius of gyration round its centre of mass, and h the distance 
of its centre of mass below the knife-edges. 


ke+ 1? 
Putting J, for a ~, the leneth of the simple pendulum 


equivalent to the compound one, and proceeding exactly as 
in § 5, we obtain the following equations connecting 4;, 02, 


and P, 
(D? + py”) 0, = —p,D?0,4+ yP, \ 


1. 
(D? + py”) 02= —p.D°6,, ae 


where 
Bins M+m,+4+ mp, Per Maly 
oT (M+m,+m.)l,—m,h?’ ie (M+ m,+ m)l)— myh’ 
» M+mtm g m, hk 
poe 


M+m, I,’ Pe Mam 7? 
rot. M+m,+ nis 
er mh (M+ m,+m_)—m,h’ 


| Vote. 6, must always be kept less than the angle of 
friction between the knife-edge and the plane on which it 
bears. | | 


15. If a periodic E.M.F.=P=p cos at act on the receiving 
circuit of a wireless receiver, the equations for the currents 
in the circuits are (see §§ 1, 2) 


1,0, = —MDC,+P, 
10e¢ =—_ MDC,, 
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and for the P.D.s of the condensers in the circuits are 
7,K,V,=—MK,DV,+ D“P, 
729K. Vo= —MK,DV;; 


and as 


2 2 D2 2 
m=L, z a 3 T= Ly he ’ 


(damping being neglected), the latter become 


oy 
(D8 Vi = V2 + Ties: + o. eae 


ay ee) 


where 
genet 
wey wis wR, 
K,M _KiM 
cranes Brisa? eh Ly? 


as before in § 3. 

Thus, as the differential equations in § 14 connecting the 
pendulum deflexions are identical in form with the differential 
equations, given in this paragraph, connecting V, and V, for 
the receiver coupled circuits when receiving, and as the 
equations connecting the angular velocities of the one system 
are also identical in form with those connecting the currents 
in the other system; and as all the variables and initial con- 
ditions for one system can be expressed by the same symbols 
as the analogous variables and initial conditions for the other 
system, the modification of the mechanical model proposed is 
an exact analogue to the coupled circuits of a wireless receiver 
when receiving. 


16. When damping is taken into account, the different 
variables in the case of the coupled circuits of a transmitter 
satisfy the following differential equation (see § 2), 


{cos” Dt + 2(Ay+A_) D3 + (a+ b+ 4rjAq) D? + 2(0A, + aA,)D +06} 6=0, (is) 


: M? 
where Gy) Ope pst Tae 
ey 
Ry R, 
21 = iy, ) 2X — ie . 


We will now proceed to investigate this case when squares 
and higher powers of the damping coefficients are neglected. 
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Let the operator in (I.) above, after neglecting 44s, 
be identified with 


cos? (D? + 2n,D +@,”)(D?+ 2n,D + @,’), 
when we find that 
cos? Wla,?+o@,.") = ab, ] 
cos’? hr @;?a.” = ab, | 
é ut > ale 
cos’ Wr(72, +72) = Ay +Ad, 

cos? Yr (274 + 17g) = DA, + arg. J 

The first two of these relations give @,” and w,”, and show 


that the values of the latter in terms of the triangle are the 
same as before, namely, 
ab 3 ab 
oO =—, oO, =——.- 
S s—c 

From the last two the resultant damping coefficients 
n, and ny are at once obtained when we remember the easily 
proved relations 


AN, A 

@,’ sin? 5 + 9" cos” > = a, 
2 2 
fins 6 B 

w,” sin? eee Ws COS” 5 = 0, 
ad ad 


where A and B are angles of the triangle. 
Thus we find that 


ny cos? hv = ry sin? +2» sin? : | 
CUED 


|= 


B 
No COS” WW = Ay cos’ +N» cos? = 


‘i 
J 

Hence V,, Vo, Cy, and C, are each the resultant of two 
damped harmonic oscillations, whose damping coefficients 
are nm, and ny respectively, and whose frequencies are 
Vor —ny,  NW@2’—2”, which, when the second power 
of the damping coefficients is neglected, are w, and @, 
respectively, and 11, 2, @1, @2 are determined by the above 
relations in terms of the constants of the individual circuits. 
of the transmitter and of their coupling. 


bo 


Coupled Circuits used in Wireless Telegraphy. O91 


17. When a=, that is, when the natural frequencies of 
the two circuits are equal, it is easy to show that 


a w" 
i 9, 1 +o) = oa. (A, +Az2), 


2 
Do 


a 
WD 2(s—o) Cran) i — on (Ar + Az) 5 
hence 
Ny a @2 
As the product of wave-length into frequency is constant, 
and as @, is less than ay, 


2 
W, : Shaan c 
e being equal to Tier 


6 
a 


@ 


we see that the oscillation with greatest wave-length is the 
least damped. 

The same is true-in general, as can be seen by putting 
equations III. § 16 in the form 


2n, cosa =z + A2— (Az cos B+ A, cos A), 
2g CoS? = Xj + Ag+ (Az cos B+), cos A). 
18. The general solution of 
(D? + 2n,D + @,7)(D? + 2nD + @,7)6=0 
is of the form 
pb = Aye~™ cos (wt +1) + Ae~™ cos (wot + X20), 


where A,, As, ¥1, X2 are constants ; and @ may represent 
V,, V2, C1, or Cs, the constants having different values for 
each. 

In order to obtain the complete solution for given initial 
conditions, use must be made of one of the four relations, 
similar to 


(D, + 2n,D -e a)V, = —p,D°V,, 


obtainable from the early part of this paper (see §$ 1, 2, 3) 
in the same way as in § 5. 

It will be found, if the first power only of the damping is 
taken account of, and if when ¢=0, V,=H, V.=0, C,=0 


2 
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C,=0, that the complete solution is given by 


rin ™ { uss ie 


EK 
Vv, = pra Le cos (@,¢ + 8,) —e~”" cos (@ot + Bo) \ : 


Cj=- a J ols —a)e~™ sin(w,t +71) + @2(s—b)e-" sin(@et + Y2) } : 
C= pot ae ‘1 — we sin (w,t + ,) + @,e7”™ sin (@ot + 8) } ? 
where p2= alt =}K,M as before, and 
a4 
s—b s—a 
a ao G; fale tr Gs 
ey) a—b 
a2 & B= 2 aS S 


in which €=ad,.— br, 


i Ny No 
an a =791—- __ ao=JYo-— 9 
(4. ©,” Y Ws 
: Ny Ng 
2, =5,——, = Ds ek 
Cor @2° 


LX. On the Refraction and Dispersion of Gaseous Com- 


pounds, and the Cause of the Divergence from Additive 
Relations. By CuivE CUTHBERTSON *, 


T is well known that the refractivities of simple gaseous 
compounds do not follow an additive rule so closely as 
those of solids or liquids. The refraction equivalents of 
Gladstone and Dale and their followers were found to be 
fairly constant, at any rate tor the same class of compound. 
But, in gases, the discrepancies observed are much wider ; 
and this appears the more surprising since, in other fields of 
research, the gaseous state has proved peculiarly favourable 
for the discovery of simple relations. 
With the object of investigating the cause of these ap- 
parent anomalies the writer has, with the help of others, 
measured the refraction and dispersion of a number of 


* Communicated by Prof. A. W. Porter, F.R.S. 
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elements and simple compounds in the gaseous state between 
Ar 6708 and 4800; and, though the field of investigation 
is still somewhat restricted, sufficient data have now been 


collected to warrant the formulation of an hypothesis which 


seems to explain, in a qualitative way, the changes in re- 
fraction, dispersion, and absorption which are observed when 
gaseous ‘compounds are formed from elements. 

In the experimental work the refractivity of each substance 
was first determined for the green mercury line X=9461, 
and reduced to a standard density, viz. that of hydrogen at 
0° C. and 760 mm. multiphed by the ratio of the theoretical 
molecular weight to that of hydrogen. The dispersion was 
then found by measuring the refractivity at seven other 
wave-leneths, XA 6708, 6438, 5790, 5770, 5209, 5085, 4800, 
relatively to the value obtained for \ 5461. 

The eight values of the refractivity were generally found 
to fall on a smooth curve, which can be fitted by an 
equation of Selimeyer’s form 

N 
a =p —1 (approx.) = ae 
where 7° is the square of the frequency of the free vibration 
in the molecule {assuming there to be only one), and n? is 
the square of the frequency of the light, and is equal to 


Nets Og 1028 
ee 


(in cms.). 


In the following table (p. 594) are given the values of the 
constants of this equation, calculated from the experimental 
results, for those elements and Pome ute which will be 
referred to below. 

In this table column 4 gives, ae convenience, the value 
of 2X, corresponding to that of mo”? in column 3. Column 5 
gives the value of «—1 for infinite waves found by equating 
it to C/n,?._ Column 6 shows, in the case of compounds, the 
additive value of the refractivity, 2. €. that obtained by adding 
those of its constituents. In this calculation the refractivity 
of a single atom of an element is taken as half that found for 
biatomic molecules, and similarly for polyatomic molecules. 

The last column shows the difference between the additive 
and experimental refractivities of compounds, 

The modern theory of dispersion indicates that an intimate 
relation exists between dispersion and absorption. ‘The re- 
fractivity should be abnormally high on the less refrangible 
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side of an absorption band, and abnormally low on the more 
refrangible side. 1t may, therefore, be expected that the 
changes of position of absorption bands in the spectra of 
elements or compounds should corroborate the conclusions to 
be drawn from the variations of refraction and dispersion. 

We are, thus, able to obtain three kinds of evidence from 
which to infer the physical meaning of the changes which 
take place. If, in the equation given above, OC is altered by 
the act of combination, the whole scale of the figures is pro- 
portionally affected. If the free frequency is changed the 
value of n)? will differ from that which it would have had on 
an additive hypothesis. If the absorption spectrum of the 
compound differs from that of its constituents, we have a 
clue to the identification of that portion of the refractivity 
which is connected with it. 

The experimental results shown in the table above, and 
the concurrent changes in absorption, so far as they are 
known, may be summarized as follows:— 


A. (1) In hydrochloric, hydrobromic, hydriodic acids, 
hydrogen disulphide, and sulphur dioxide, the refractivity of 
the compound is less than the sum of the refractivities of its 
constituents, and the dispersive power of the compound lies 
between those of its constituents. 

(2) Inthe spectra of chlorine, bromine, iodine, and sulphur, 
strong absorption bands occur in the violet and near ultra- 
violet, which disappear in the compound. 


B. (1) In nitrous oxide, nitric oxide, ammonia, and ozone, 
the refractivity of the compound is greater than the sum of 
the refractivities of the constituents, and the dispersive power 
is greater than that of either constituent. 

(2) In the specfra of nitrous oxide, nitric oxide, and ozone, 
absorption-bands appear in the ultra-violet which are not 
present in the spectra of the elements. 


To explain these results I propose the following hypo- 
thesis :— 

(1) That the refractivity of a gaseous element (except 
those whose molecules are monatomic) or compound is mainly 
made up of two portions which may be called the atomic 
and the interatomic. The former is due to vibrations of parts 
of the same atom relatively to one another (on the electro- 
magnetic theory of electrons relatively to the rest of the 
atom). The free frequency lies in the extreme violet 
(X=1000 4.U. approximately), and the dispersion curve is 
very flat in the visibie region. The refractivity due to this 

, 282 
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mode of vibration is roughly ‘8 or *9 of the whole refractivity 
measured in the visible. The absorption connected with it 
is that which les in the Schumann region. ‘The atomic 
refractivity, being due to vibrations governed by forces 
which have their seat exclusively in a single atom, may be 
assumed to remain nearly constant. The latter, or inter- 
atomic portion of the refractivity, is the result of the ex- 
istence of free periods in the visible or neighbouring portions 
of the ultra-violet or infra-red, due to forces which have 
their seat in more than one atom of the same molecule. The 
absorption due to these vibrations is that which is observed 
in the spectrum of these regions. The interatemic refractivity 
of an atom of an element varies with the atom with which it 
is combined, and with the nature of the linkage. 

(2) When two elements combine to form a compound the 
observed changes of refraction, dispersion, and ‘absorption 
are due to the disappearance of the interatomic portions of 
their refractivities and the appearance of new interatomic 
free frequencies. 


An example will make the hypothesis clearer. Gaseous 
chlorine is characterized by high refractivity, moderately 
high dispersive power, and strong continuous absorption in 
the ultra-violet. Hydrogen has low refractive and dispersive 
power and exhibits no trace of absorption up to the limits of 
the Schumann region. The resulting compound (HCl) has 
a refractivity 2°8 per cent. less than the sum of the refrac- 
tivities of 4(Cl,)+4(H,), a dispersive power intermediate 
between those of chlorine and hydrogen, and an absence of 
absorption, so far as is known, in the ultra-violet. 

In the first place it appears highly probable that both the 
chlorine and the hydrogen atom carry into the compound 
the main portion of their refractivity. The additive rule 
fails, no doubt, to go further than a first approximation, even 
in the most favourable instances; but no one who studies 
the figures for gases or the work of Gladstone and Dale on 
solids and liquids can avoid the conviction that this rule 
must be the starting point of the explanation. 

We have, then, to account for a small change in the sum 
of the refractive powers of the two elements, coupled with a 
considerable change in the dispersive power, which is indi- 
cated by the increase of x? from 9629:4 x10" in Cl, to 
10697 x 10” in HCl, and the disappearance of an absorption 
band. This could be done by supposing that the refractivity 
of one of the elements (Ql,) contains a term of which the 
absolute value is small but the slope steep, and that this 
term disappears when the molecule is broken up. The 
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curve which expresses such a term would rise rapidly, indi- 
cating an absorption band in the near ultra-violet, as 1s the 
case in chlorine, and the disappearance of this term would 
be accompanied by the disappearance of the absorption band, 
as we find is the case when hydrochloric acid is formed. 

The inference that the forces which determine this free 
frequency have their seat in more than one atom is based on 
the fact that when the link which binds the atoms of chlorine 
together is broken the absorption band disappears. 

In the figure these changes are exhibited graphically. 


(p-1) 


Hy+Ci, 

I] A Cd 

iI (Ub ! Ct, 
ti! 


Hv 


“he n — increasing 


Plotting the retractivities against squares of frequencies, let 
C], denote the refractivity of gaseous chlorine divided by 
two, H, that of hydrogen divided by two, H,+Cl, the 
additive curve,and HCl the experimental curve for hydrogen 
chloride. What has to be accounted for is the disappearance 
of the portion indicated by vertical shading between H,+ 
Cl, and HCl. Consider this portion as due to a distinct free 
frequency, and lay it down on the base-line as shown at X. 
It is evident that the curvature is great, since the ratio of 
the ordinates at the red and violet ends is greater than when 
the curve is bodily shifted higher, and it is natural to 
associate it with the absorption band which occurs in the 
near ultra-violet in chlorine. 

It may be objected that no reason has been shown why 
the whole of the observed changes should be attributed to 
the chlorine molecule, and no allowance made for the dis- 
appearance of the interatomic refractivity of the hydrogen 
molecule or the appearance of a new interatomic effect for 
the molecule of hydrochloric acid. The criticism is just ; 
and it must be admitted that some allowance ought to be 
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made for these changes. But reasons can be advanced for 
assigning to them less importance than is given to the change 
in the chlorine molecule. In the first place, the refractivity 
of hydrogen is less than one-fifth of that of chlorine, so that 
small changes in its refractivity due to similar causes would 
probably be in the same proportion. The same argument 
applies to hydrochloric acid, whose refractivity is about one- 
half that of chlorine. Again, neither hydrogen nor hydro- 
chloric acid shows any absorption in the ultra-violet as chlorine 
does, so that, on the proposed hypothesis, the changes in 
their refraction and dispersion, due to the breaking up and 
formation of the molecules respectively, may also be expected 
to be small. Finally, the interatomic effects due to hydrogen 
and hydrochloric acid occur on different sides of the equation 
and tend to balance each other. 

But the best test of the legitimacy of the hypothesis is to 
be found in the numerical results which are obtained from it. 

The effect of the preceding analysis has been to split up 
the expression for the refractivity of chlorine into two parts, 
one of which, it is suggested, is due to the atomic and the 
other to the interatomic frequencies of the chlorine molecule. 
The values of the atomic refractivity are obtained by de- 
ducting the experimental values for $(H,) from those for 
HCl, while those for the interatomic refractivity of Cl, 
are found by deducting twice the resulting figure for (Cl,) 
from the experimental values for (Cl,). 

The first calculation gives eight values for the atomic 
refractivity, which are fitted by the curve given by 


Ae ilicolli wk Ce 
Heelies 10558 x 107" —7?*"— ee (1) 


while those for the interatomic refractivity are given by 


"TAO? KiLO a 
(e— Doo, = 9559 


The relations of the refraction, dispersion, and absorption of 
bromine and hydrobromic acid and iodine and hydriodic 
acid are exactly similar to those of chlorine and hydrochloric 
acid. 

Adopting the same procedure as that given above we obtain 
for the atomic refractivities of bromine and iodine:— 


4°3566 x 107! 
(Tees gpgax to7—a? tt 


51548 x 10?! 
(1) = 395x107?) 
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and for the interatomic 
°039018 x 107? 3 
@— Dee, = Tig4ax tora ©? 


“0893 x 107 ; 
Ya Dees A5G X10" 72 cp) 


It will be noticed that the three expressions on the right- 
hand side of (1), (3), (4) forma series in which the numerators 
increase regularly with increasing atomic weight, and the 
denominators decrease. In this respect they resemble the 
expressions for the refractivity of the three inert gases argon, 
krypton, and xenon which I published two years ago* ; and, 
if the numerators of the six expressions are compared together 
by pairs, it is found that the numbers bear the same pro- 
portion to each other. 


Comparison of the values of Cin the expression 
p—1l=C/n,2—n’ for the halogens and inert gases. 


CTS” Ratio. 
Chlorine a 3°8787 aor 
Argon 4°7163 
Bromine 4°3566. 


Todine 51548 
Kenon 61209" 7 


Since the numerical values of the refractivities of each 
triad are in the ratio of 2, 3, and 5 approximately, it follows 
that the denominators of the same formule, when compared 
in the same manner by pairs, bear approximately the same 
ratio. | 


Comparison of the values of n,? for the 
halogens and inert gases. 


CS Uc Mg Shr Co 


Chlorine 19558 


Argon TahTOoe: = es 
Bromine “y 8294 — -650 

Krypton” 12763 ~ : 
Todine 6325 sala 

=== = oa 105 

Aenon 8978 


* Phil. Mag. January 1911, p. 69. 


600 Mr. Clive Cuthbertson on the 


The parallelism between these two sets of figures is 
unmistakable, and seems to afford strong evidence that 
this method of obtaining expressions for the refractivity of 
the halogen atoms is on the right track. 

But it is possible to carry the comparison a step further. 
In the paper in the Phil. Mag. just referred to it was shown 
that, in the case of the four inert gases whose critical tem- 
perature has been determined, there is a constant ratio. 
between the squares of the numerator of the dispersion 
formulee (which, on Drude’s theory, are proportional to the 
number of electrons in the atom which influence dispersion) 
and the critical temperatures. It, therefore, occurred to me 
to compare the critical temperatures of the halogens with 
those of the inert gases. Unfortunately, the determinations 
for bromine and iodine rest on the authority of only one 
observer; but, assuming their accuracy, the proportionality 
is evident. 


Comparison of the critical temperatures of the 
halogens and inert gases. 


Element. Te. Ratio, Observer. 
Absolute. 
Chlorine... 420 2-70 Knietsch (419), Ladenberg (421). 
ATION... 155°6 Ramsay and Travers. 
Bromine... 575 9-73 Nadeschdine, 
Krypton... 210-5 Ee tel ARES ey 


Todine .... 785 71 Radice. 
Xenon ...  289°6 Patterson, Cripps & Whytlaw-Gray. 


Tt follows that there is a constant ratio between the squares 
of the numerators of the expressions for the refractivities of 
the halogen atoms and their critical temperatures. 

Turning now to the expressions assumed to be connected 
with the interatomic free frequencies (2), (5), (6), we can 
test the usefulness of the hypothesis by comparing the 
position of. the calculated free frequency with that of the 
centre of the absorption band. The coincidences are not so 
striking as in the case just discussed, but, considering that 
we are here dealing with figures which are the differences 
between two nearly equal quantities and that the calculation 
takes no account of the influence of absorption on the value 
of the free frequency, the agreement is not unsatisfactory. 

It will be observed that, in each case, the calculated free 
frequency is greater than the observed, and this is also true 
in the case of ozone and of nitrous oxide, nitric oxide, and 
even of oxygen, so far as can be judged without having 
observed the actual centre of the absorption-band of the 
latter element. It seems probable that the dispersion curve 
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Position of | Wave-length of 
Element. absorption band | free vibrations 
observed. ' (calculated). 
| @itlorine 037), | 3580-3020 | 1750 
| | - 
: visible— 3832 ey 
| 1B GLat a 0 TS ae | ee oho: | aou 
| Machines) Od tes eo _ 5000 4560 


begins to be flatter than that which the simple theory 
demands a long way from the free frequency. It is unfor- 
tunate that we have no determinations of the coefficients of 
absorption in the case of these gases, by the use of which a 
closer approximation might be obtained. 

In the case of the sulphur compounds H,8 and SO, we 
find that the evidence points in the same direction. Here, 
also, we have an element of high refractive, dispersive, and 
absorptive power united to one of low refractive and dis- 
persive power, and free from absorption; and here again the 
resulting compound shows a decrease of refraction, a dis- 
persive power intermediate between those of the two com- 
ponents, and a disappearance of the absorption band charac- 
teristic of the sulphur molecule. The same hypothesis as in 
the case of the halogens will account for the direction of 
these changes; but it must be admitted that it is not so 
successful in accounting for their magnitude. The ex- 
pressions which I obtain for the atomic refraction of one 
atom of sulphur are 


az Loe os Or! 
i 7078 x L077? —n? 


2°7780 x 1077 
1384 x 1077 — 7?’ 


and 


when calculated from H.S and SO, respectively. But there 
is room for many important disturbing factors in the com- 
plexity of the molecules both of sulphur and of the compounds. 
A comparison of the cases of NO, N.O and NH; shows that 
the number of atoms in the molecule has a considerable effect 
on the interatomic portion of the refractivity. 


Turning now to the group of compounds in which the 
refractivity is higher than the sum of the refractivities of its 
constituents, we observe that they are composed of elements 
like hydrogen, nitrogen, and oxygen whose refractive and 
dispersive power is small, so that it might be expected, on 
our hypothesis, that, when their molecules break up, their 
loss of these powers would be slight, while, when they unite 
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into larger or less stable molecules, the new free frequencies 
introduced between the atoms of the compound would be 
slower than those between the atoms of the elements, with a 
correspondingly greater effect on the dispersion. 

It should be noted that, in these cases, the only practicable 
test of our hypothesis is the converse of that which gives 
such promising results in the case of the halogens. There 
we neglected the interatomic refractivities of one element 
and the compound, and obtained a value for the atomic re- 
tractivity of the other element. Here we neglect the inter- 
atomic refractivities of both elements and obtain a value for 
the interatomic refractivity of the compound, and this, being 
the difference between two nearly equal quantities, is liable 
to much larger errors than the atomic. 

In this group the most interesting results are obtained in 
the case of ozone. Here the refractivity is 214 per cent. 
higher than the value for three atoms of oxygen, and the 
disper sive power is much greater. If we deduct from the 
experimental values for the refractivity of ozone one and a 
half times the refractivity of oxygen, we obtain the following 
result:— 


olO®. 
| Tae 5461 4800 | 
wih is X10" 50764 2000 53290 | 
fut], xo, 40428 | 40755 «1049 
Difference x10" 10336 11245 12241 


| 
t 


The figures in the last line, which represent the increase 
in refractivity due to the interatomic effect in ozone, are 
fitted by the curve given by 


th ea. 1, ROO Seas 
Lm Sr uh 1424-8 x 1027 — 12" 

The wave-length which corresponds with 2.7=1424°8 x 107! 
is N= 2920: The absorption spectrum of ozone has been 
most recently measured by Meyer (Drude’s Ann. xii. p. 849 

(1903) ), who found a maximum of absorption at ’ 2580. 

One other fact with regard to this substance is worth 
mention. If we. calculate the constants of the expression 
for the refractivity of ozone from the values given in the 
first line above for 16708 and X4800, we obtaiie a curve 
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which gives a value of 52080 x 10-8 at A=5461, instead of 
52000 found experimentally. Hence the dispersion curve 
of ozone has greater curvature than can possibly be explained 
on the hypothesis of a single free frequency. At least two 
are required. The same effect was observed in a less degree 
in the case of chlorine. 

For the three nitrogen compounds, ammonia, nitrous oxide, 
and nitric oxide, the refractivity of the compound is in excess 
and the dispersion curve becomes much steeper, suggesting 
the appearance of new free frequencies in the ultra-violet. 
But in the ease of nitrous oxide the absorption spectrum has, 
apparently, not been examined. Nitric oxide has a band 
which begins about 3000 a.u. and increases to the limits 
of observation (Kreusler). The calculated band falls at 
A=1940. Ammonia is said by Soret to show an absorption 
band in the ultra-violet. but Hartley denies this. 

The case of steam is a difficulty on the hypothesis now 
advanced ; for though the dispersion curve has greater cur- 
vature than those of hydrogen and oxygen, the refractivity 
is notably less. This conjunction of changes is not impossible 


under the hypothesis, but it is less easily explicable. 


In concluding this paper I wish to emphasize the fact that 
quantitative verification of the hypothesis is not claimed. 
The data are still too scanty, the range of observation too 
short, the gaps, both in mathematical theory and in observa- 
tion, too many to permit this. All that it is desired to 
maintain is that the direction of the changes of refractivity, 
dispersion, and absorption consequent on the formation of 
compounds are consistent with the hypothesis that in every 
gaseous element (except those whose molecule is monatomic) 
and compound the refractivity is made up mainly of two 
portions.. Of these one is governed by a free frequency in 
the far ultra-violet and is responsible for the bulk of the 
refractive power. Since it is always associated with the 
presence of an atom, it may be supposed to be due to forces 
which have their seat within the atom, and are hardly at all 
affected by neighbouring atoms. The other is due to a free 
frequency governed by forces which have their seat in more 
than one atom of the molecule, and which change with the 
linkage. 

I think the numerical results obtained by the adoption of 
this hypothesis in the case of the simplest series of compounds 
known, the halogens and halogen acids, is strongly in its favour ; 
and that the agreement between the observed and calculated 
positions of the absorption band in ozone is very remarkable. 
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But whatever value is attached to the numerical evidence by 
those competent to judge, the broad conclusion from the 
direction of the changes is unaffected. 

I should like also to reply to one criticism which has been 
made. It is not necessary to the hypothesis that the atomic 
free frequency should be absolutely invariable throughout 
all chemical changes. If it were the case that a slight 
change (say 1 per cent.) in the atomic free frequency would 
account for all the observed changes of refractivity and dis- 
persion, the criticism would have force. But any one who 
examines the figures in the table for (e. g.) hydrogen, nitrogen, 
and ammonia, will see that no slight change in a frequency 
can possibly account for the observed changes. Tor hydrogen 
No” X 107-77 = 12409, for nitrogen 17095. For ammonia the 
number which expresses its average value is 8135, an 
enormous drop. At the same time the refractivity has gone 
up only 34 per cent. But if the number of vibrators had 
remained constant while the average free frequency decreased, 
the increase of the refractivity must have been much greater 
than this. Hence, to account for the observed changes, one 
must also assume that the number of vibrators (? electrons) 
has fallen off in about the same proportion as the frequency. 

These two hypotheses seem much more improbable than 
that which is here put forward. 


et. Be cen 
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LXI. The Laws of Dejlexion of a Particles through Large 
Angles*. By Dr. H. Gricer and i. MARSDEN f. 


'B a former papert one of us has shown that in the 

passage of e particles through matter the deflexions are, 
on the average, small and of the order of a few degrees 
only. In the experiments a narrow pencil of « particles fell 
on a zinc-sulphide screen in vacuum, and the distribution 
of the scintillations on the screen was observed when different 
metal foils were placed in the path of the a particles. From 
the distribution obtained, the most probable angle of scat- 
tering could be deduced, and it was shown that the results 
could be explained on the assumption that the deflexion of 
a single @ particle is the resultant of a large number of very 
small deflexions caused by the passage of the a particle 
through the successive individual atoms of the scattering 
substance. 


* Communicated to k. d.-k. Akad. d. Wiss. Wren. 

+ Communicated by Prof. EK. Rutherford, F.R.S. 

{ H. Geiger, Roy. Soc. Proc. vol. Ixxxiii. p. 492 (1910); vol. Ixxxvi. 
p. 235 (1912). 
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In an earlier paper *, however, we pointed out that « 
particles are sometimes turned through very large angles. 
This was made evident by the fact that when « particles fall 
ona metal plate, a small fraction of them, about 1/8000 in 
the case of platinum, appears to be diffusely reflected. This 
amount of reflexion, although small, is, however, too large to 
be explained on the above simple theory of scattering. It is 
easy to calculate from the experimental data that the proba- 
bility of a deflexion through an angle of 90° is vanishingly 
small, and of a different order to the value found experi- 
mentally. 

Professor Rutherford f has recently developed a theory to 
account for the scattering of a particles through these large 
angles, the assumption being that the deflexions are the 
result of an intimate encounter of an « particle with a 
single atom of the matter traversed. In this theory an atom 
is supposed to consist of a strong positive or negative central 
charge concentrated within a sphere of less than about 
3x10-% cm. radius, and surrounded by electricity of the 
opposite sign distributed throughout the remainder of the 
atom of about 107% cm. radius. In considering the de- 
flexion of an a particle directed against such an atom, the 
main deflexion-eftect can be supposed to be due to the central 
concentrated charge which will cause the particle to describe 
an hyperbola with the centre of the atom as one focus. 

The angle between the directions of the « particle before 
and after deflexion will depend on the perpendicular distance 
of the initial trajectory from the centre of the atom. The 
fraction of the « particles whose paths are sufficiently near 
to the centre of the atom will, however, be small, so that the 
probability of an @ particle suffering a large deflexion of this 
nature will be correspondingly small. Thus, assuming a 
narrow pencil of « particles directed against a thin sheet of 
matter containing atoms distributed at random throughout 
its volume, if the scattered particles are counted by the 
scintillations they produce on a zinc-sulphide screen dis- 
tance 7 from the point of incidence of the pencil in a direction 
making an angle @ with it, the number of « particles falling 
‘on unit area of the screen per second is deduced to be equal to 


Qntb? cosect d/2 
167? q 


where Q is the number of «& particles per second in the 


* H. Geiger and E. Marsden, Roy. Soc. Proc, vol. Ixxxii, p, 495 
(1909). 
} E. Rutherford, Phil. Mag. vol. xxi. p. 669 (1911). 
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original pencil, » the number of atoms in unit volume of the 
material, and ¢ the thickness of the foil. The quantity 
2Nelk 
b=——>, 
MeL 
where Ne is the central charge of the atom, and m, EH, and u 
are the respective mass, charge, and velocity of the « particle. 
The number of deflected a particles is thus proportional to 
(1) cosec* f/2, (2) thickness of scattering material ¢ if the 
thickness is small, (3) the square of the central charge Ne of 
the atoms of the particular matter employed to scatter the 
particles, (4) the inverse fourth power of the velocity wu of 
the incident a particles. 
At the suggestion of Prof. Rutherford, we have carried 
out experiments to test the main conclusions of the above 
theory. The following points were investigated :— 


(1) Variation with angle. 

(2) Variation with thickness of scattering material. 

(3) Variation with atomic weight of scattering material. 

(4) Variation with velocity of incident & particles. 

(5) The fraction of particles scattered through a definite 
angle. 


The main difficulty of the experiments has arisen from the 
necessity of using a very intense and narrow source of 
a particles owing to the smallness of the scattering effect. 
All the measurements have been carried out by observing 
the scintillations due to the scattered « particles on a zinc- 
sulphide screen, and during the course of the experiments 
over 100,000 scintillations have been counted. It may be 
mentioned in anticipation that all the results of our investi- 
gation are in good agreement with the theoretical deductions 
of Prof. Rutherford, and afford strong evidence of the cor- 
rectness of the underlying assumption that an atom contains 
a strong charge at the centre of dimensions, small compared 
with the diameter of the atom. 


(1) Variation of Scattering with Angle. 


We have already pointed out that to obtain measurable 
effects an intense pencil of « particles is required. It is 
further necessary that the path of the @ particles should be 
in an evacuated chamber to avoid complications due to the 
absorption and scattering of the air. The apparatus used is 
shown in fig. 1, and mainly consisted of a strong cylindrical 
metal box B, which contained the source of « particles R. 
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the scattering foil F, and a microscope M to which the zinc- 
sulphide screen S was rigidly attached. The box was fastened 
down to a graduated circular platform A, which could be 
rotated by means of a conical airtight joint C. By rotating 
the platform the box and microscope moved with it, whilst 
the scattering foil and radiating source remained in position, 
being attached to the tube T, which was fastened to the 
standard L. The box B was closed by the ground-glass. 
plate P, and could be exhausted through the tube T. 


Bie hs 


0 
tw) 


The source of « particles employed was similar to that 
used originally by Rutherford and Royds®* in their experi- 
ments on the nature of the a particle. It consisted of a 
small thin-walled glass tube about 1 mm. in diameter, con- 
taining a large quantity of well purified radium emanation. 
The « particles emitted by the emanation and its active 
deposit could pass through the glass walls without much re- 
duction of range. For these experiments the unhomogeneity 
of the source, due to the different 2 particles from the emana- 
tion, Ra A and RaG, does not interfere with the application 
of the law of scattering with angle as deduced from the 
theory, as each group of « particles is scattered according to. 
the same law. 

By means of a diaphragm placed at D, a pencil of a par- 
ticles was directed normally on to the scattering foil F. By 


* KE. Rutherford and T. Royds, Phil. Mag. vol. xvii. p. 281 (1909). 
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rotating the microscope the « particles scattered in different 
directions could be observed on the screenS. Although over 


100 millieuries of radium emanation were available for the. 


experiments, the smallness of the effect for the larger angles 
of deflexion necessitated short distances of screen and source 
from the scattering foil. In some experiments the distance 
between the source and scattering foil was 2°35 em., and the 
screen moved in a circle of 1°6 cm. radius, while in other 
experiments these distances were increased. Observations 
were taken in various experiments for angles of deflexion 
from 5° to 150°. When measuring the scattering through 
large angles the zinc-sulphide screen had to be turned 
very near to the source, and the @ and y¥ rays produced a 
considerable luminescence on it, thus making countings of 
the scintillations difficult. The effect of the 8 rays was 
reduced as far as possible by enclosing the source in a lead 
box shown shaded in the diagram. The amount of lead was, 
however, limited by considerations of the space taken up by 
it, and consequently observations could not be made for 
angles of deflexion between 150° and 180°. 

In the investigation of the scattering through relatively 
small angles the distances of source and screen from the 
scattering foil were increased considerably in order to obtain 
beams of smaller solid angle. 

The number of particles scattered through different angles 
was found to decrease extremely rapidly with increase of 
angle, and as it is not possible to count with certainty more 
than 90 scintillations per minute or less than about 5 per 
minute, measurements could only be made over a relatively 
small range of angles at the same time. The number of 
a particles | scattered through large angles was first measured, 
‘and as the emanation decayed it was “possible to take mea 
surements for smaller and smaller angles, and from the 
known decay of the emanation measurements taken at dif- 
ferent times could be corrected for the decrease of activity. 

Even when no scattering foil was used a few scintillations 
were always observed on the screen. They were obviously 
due to scattered radiation from the walls of the vessel and 
from the edge of the diaphragm limiting the beam. The 
effect was reduced as far as possible by lining the box with 
paper and by using a substance of low atomic weight, viz. 
‘aluminium, for the ‘diaphragm. The number of stray a par- 
ticles was determined for different positions of the microscope 
‘by removing the scattering foil so that the necessary cor- 
rections could be applied with certainty. 

In order to make the best use of the emanation available, 


= 
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measurements were made simultaneously with different foils. 
These foils were attached to frames which fitted into a slot 
in the tube T in sucha way that they could be exchanged 
and accurately replaced in position. Table I. gives an 
example of a particular set of countings, when a silver foil 
was used to scatter the « particles. 


TaBLE I.—Variation of Scattering with Angle. (Example 
of a set of measurements.) Silver Foil. Time elapsed 
since filling of emanation tube, 51 hours. Correction 


for decay, 0°683. 


| 
| Scintillations per minute. 
| 
Angle | 1 Nidesin Pas 
¢. Corrected ied ——.. Xsin* 6/2. 
Without} With for effect ae rected | sin* 9/2 
se : ; or decay, 
foil. foil. without N 
foil. ; 
is i ac ae Th rr 
150...| 0-2 4:95 4°75 6°95 TALS 6:0 
les. 2},.,2°6 8°3 Di 8°33 1-38 6°1 
On|) 3S 10°3 6:5 9:5 [43 53 | 
TOS. O°G 10°6 10°0 146 2°53 5:8 
ios OO 23'6 286 41°9 20 58 | 
60... 08 | 692 68-9 101 16-0 Be isbes pil 
| ( 


In this set about 2500 scintillations were counted. After 
a few days had elapsed the measurements for the smaller 
angles were repeated and the range of angles extended. 
Proceeding in this way the whole range of angles was in- 
vestigated in the course of a few weeks. When measuring 
relatively large angles of deflexion a wide beam of about 
15° radius had to be used in order to obtain a suitable number 
of scintillations, but for the smaller angles the aperture of 
the diaphragm confining the beam was reduced considerably, 
so that the angle at which the scintillations were counted was 
always large compared with the angular radius of the beam. 
When changing over from one diaphragm to another com- 
parative measurements for different angles were made so as 
to obtain an accurate value of the reduction constant. 

Table Il. gives the collected results for two series of ex- 
periments with foils of silver and gold. The thicknesses of 
the foils were in the first series equivalent to 0°45 and 0:3 
em. air, and in the second series 0°45 and 0:1 cm. air for 
silver and gold respectively. Col. I. gives the values of the 
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Tan ii, 
Variation of Scattering with Angle. (Collected results.) 
| Tf ine III, LV Ue we Vis 
SILVER. | GoLD. 
| Angle of 1 
deflexion, | =—7775- 
¢- sin’ $/2" || Number of N Number of N 
scintil- aE IG scintil- Ss 
lations, N.| * ve lations, N.|_ *? oy 
° | 
LO chee te 222 19°3 33°1 28'°8 
ES “sew 1°38 27-4 19°8 43°0 312 
$20 joj ato 1:79 33°0 18°4 5194 2a 8 
lO) Diy un ae ae 2°53 47°3 LS 37. 69°5 27:5 
OMe .. 7°25 136 18°8 211 29°1 
GOge es... 16°0 320 20:0 477 29°8 
OM. 46'6 989 21:2 1485 30°8 
357) DAO 93°7 1760 18°8 3300 Sa 
fae acl 223 5260 23°6 7800 35°0 
Bare Pe ee ee 690 20300 29:4 27300 39°6 
| MOY! Meotste| 3445 105400 30°6 1382000 38°4 
ROHL. 993 53] 0-024 31) 0-014 
2 ils aa 690 16°6 0-024 8-4 0:012 
Sy ee 3445 93:0 0-027 48°2 0014 | 
ALD inahey . 17330 908 0-029 200 00115 | 
Bere ac). 54650 1710 0-031 607 0-011 
WMO eves 276309 Si a 3320 0-012 


angles @ between the direction of the beam and the direction 
in which the scattered « particles were counted. Col. II. 


In Cols. TL. and wyeiene 


numbers of scintillations are entered which were observed for 
the silver and gold respectively. Corrections are made for 
the decay of the emanation, for the natural effect, and for 
change of diaphragm. For the smaller angles corrections 
have been applied (in no case exceeding 20 per cent.) owing 
to the fact that the beam of « particles was of finite dimen- 
sions and not negligible compared with the angle of deflexion. 
These corrections were calculated from geometrical con- 
siderations. In Cols. IV. and VI. the ratios of the numbers 


of scintillations to a are entered. It will be seen that 


in both sets the values are approximately constant. The 
deviations are somewhat systematic, the ratio increasing 
with decreasing angle. However, any slight asymmetry in 
the apparatus and other causes would affect the results in a 
systematic way so that, fitting on the two sets of observations 
and considering the enormous variation in the numbers of 
scattered particles, from 1 to 250,000, the deviations from con- 
stancy of the ratio are probably well within the experimental 


oives the values of ——.——-: 
$=) sint d/2 


Deflexion of « Particles through Large Angles. 611 


error. The experiments, therefore, prove that the number 
ot « particles scattered in a definite direction varies as 
cosec! /2. 


Variation with Thickness of Material. 


In investigating the variation of scattering with thickness 
of material, it seemed necessary to use a homogeneous source 
of a particles, for according to the theory the effect of the 
change of velocity with increasing thickness will be very 
appreciable for « particles of low velocity. In the experi- 
ments on “ compound scattering ” by one of us, a source was 
used consisting of RaC deposited from radium emanation 
in situ in a small conical tube fitted with a mica window, the 
emanation being withdrawn when measurements were taken 
by expanding into a large volume connected to it. In our 
first experiments we used such a source, but the observations 
eventually showed it to be unsuitable. After expansion 
some emanation remains clinging to the walls of the glass 
tube. This emanation and the Ra A associated with it gives 
a particles of considerably lower velocity than the @ particles 
of RaC, and although the number of « particles so con- 
tributed was of the order of only a few per cent. of the 
mumber from the Ra@O, yet owing to the fact that the 

amount of scattering increases very rapidly 

Fig. 2. with decreasing velocity, the disturbances 
caused by the slower particles were so large 
as to render the source unsuitable for the 
present work. 

The source finally adopted was peace as 
shown in fig. 2. About 80 millicuries of 
radium emanation were very highly purified 
and pressed into the conical end of the glass 
tube T of about 1 mm. internal diameter. 
After the emanation had remained in position 
for a sufficient time to attain equilibrium 
with Ra C, it was expanded into a bulb below, 
and a small part of the capillary tube was 
drawn off at 6. About 1 mm. of the end of 
the tube which was coated with the Ra C was 
then cut off (ata) and freed from occluded 
emanation by washing with alcohol and by 
heating. The resulting source of RaC was 
used in the experiments, and with due care 
its decay was found to be in agreement with 
theory, at least for the first 80 minutes. 

‘The arrangement used for the comparison of the scattering 


212 
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of different thicknesses of metal foils is shown diagram- 
matically in fig. 3. It consists essentially of a source of 
a radiation R, a diaphragm D, a scattering foil F, and a zine- 
sulphide screen Z on which the scattered « particles were 
observed. The main part of the apparatus was enclosed in 
a cylindrical brass ring A, the ends of which were planed so 
that they could be closed airtight by the two glass plates 
B and C. The depth of the ring was 3°5 cm., and its. 
internal and external diameters 5°5 and 7:5 cm. respectively.. 
Two holes were drilled through the glass plate B, one in the 
centre and the other 1°65 cm. excentric. The source of 
radiation R was placed directly against a sheet of mica 
which was waxed over and closed the opening E. By 
placing the source outside the apparatus, any small amount 
of emanation associated with it was prevented from entering: 
the chamber and disturbing the measurements. 


By means of the diaphragm D a narrow pencil of « par-. 
ticles could be directed on to the scattering foil. The 
different foils were attached to the disk $ and covered five of 
six holes drilled through it at equal distances from its centre.. 
The uncovered opening was used to determine the natural 
effect. The disk could be fitted on to the rod P, which was 
fastened to the ground-glass joint M so that it could be 
rotated and the different foils brought in front of the 
diaphragm. The scattered « particles were observed by 
means of a microscope on the zine-sulphide screen Z fixed. 
inside the glass plate. 
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In making the observations the disk carrying the foils was 
placed in position about 1:2 em. from the glass plate ©. 
The apparatus was then completely exhausted through a 
tube not shown in the diagram, charcoal cooled by liquid 
air being used for the final exhaustion. After the source of 
radiation had been placed in position, the microscope was 
adjusted at that part of the zinc-sulphide screen where the 
scintillations appeared at a rate convenient for counting. 
With a source of 30 millicuries of Ra C this was usually the 
ease for an angle of deflexion of from 20° to 30°. The area 
of the screen visible through the microscope was about 
1 sq. mm., whilst the main beam of « particles covered an 
area of about 3 sq. mm. 

As soon as the RaA in the source had decayed com- 
pletely (i. e. after 20 minutes) countings were commenced. 
Measurements were first taken with the layers of foils of 
smaller thickness, and as the source decayed they were ex- 
tended to the thicker foils. From the known decay of the 
active deposit of radium the measurements could all be 
corrected for the variation in activity of the source, the results 
being verified by making observations on the same foils at 
different times. An experiment 9 generally extended for about 
80 minutes. After that time the decay corrections for the 
source were not always reliable owing to small quantities of 
radium emanation associated with it, as has been mentioned 
above. Owing to the relatively short time available in each 
experiment for the completion of the measurements, only 
about 100 to 200 scintillations could be counted with each 
foil. 

As in the experiments on the variation of scattering with 
angle, some scintillations appeared on the zinc-sulphide 
screen even when no scattering foil was interposed. It was 
found that these scintillations were due to « particles which 
had been scattered from the edges of the diaphragm limiting 
the beam. Experiments were made with Lae diaphragms 
and with aluminium diaphragms of only 5!, mm. thickness, 


whilst a diaphragm D' (fig. 4) was also nie ae to prevent 


_ scattering from the inside of the glass tube G carrying the 


main diaphragm D. LTEven with these precautions the effect 
was still so large that accurate experiments with foils of low 
atomic weight would have been impossible. The difficulty 
was, however, successfully overcome by intercepting the 
stray @ particles } by a screen K, which could be turned by 
means of a ground-glass joint (N i in fig. 3) about a vertical 
axis passing through A so as to be just outside the main 
pencil. The adjustment was made by observation of the 
scintillations produced by the main beam on the zinc-sulphide 
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screen Z, which was temporarily placed at Z'’. The magni- 
tude of the effect may be judged from the following figures 
obtained in a particular experiment with an aluminium 
diaphragm :—The number of scintillations without both the 
screen K and the scattering foil F was 60 per minute, whilst 
by bringing the screen K into position the number was: 
reduced to 0:5 per minute. With the screen K in position 
and an aluminium foil equivalent to 0°5 cm. air as scattering 
foil, the number of scintillations was 14 per minute, or about 
one quarter the effect without screen or scattering foil. 


Fig, 4, 


In the following table the results of an experiment with 
gold foils are tabulated. Column I. gives the number of 
toils and column II. the thicknesses expressed as the stopping 
power of a particles in centimetres of air as determined by 
the scintillation method. The figures given in column JI]. 
represent the number of scintillations observed on the zinc- 
sulphide screen. ‘These figures are corrected for the variation 
of activity with time of the source. A slight correction has 
been made due to the increase of scattering on account of 
the decrease of velocity of the « particles in passing through 
the foils. The magnitude of this correction could be caleu- 
lated from the results given in the last section of the present . 
paper, and amounted to 9 per cent. in this experiment for 
the thickest foil used. The last column of the table gives 
the ratio of the corrected number of scintillations to the 
thickness. The values are constant within the limits of the 
experimental error. The variations exhibited by the figures 
are well within the probability errors, owing to the relatively 
small number of scintillations which could be counted in the 
time available. 
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Gold.—Variation of Scattering with Thickness. 


| dls ids If. TV. 


Der SS aR Number N of 
eee of Air eo ae | scintiliations per Ratio iN, 
ace ; ; | minute. | Ab 
1 0-11 21-9 200 
2 | 0-22 38-4 | 175 
5 | 0-51 | 84:3 165 
8 | 0:81 | 1215 150 
9 | 0:90 | 145 160 


Similar experiments were carrried out with foils of tin, 
sliver, copper, and aluminium. In each set about 1000 
scintillations were counted. The results are plotted in fig. 5, 
where the abscissze represent the thickness of the scattering 
foil expressed in centimetres of air equivalent and the 
ordinates the number of scattered particles. Similar cor- 
rections to the above have been introduced in each case. 


Fig. 5. 
40 — 


-! 


fo) uf 
° 


WUMBER OF SC/NTILLATIONS PER MINUTE. 


8 2 el Pi i eae 


0-4. : 0 
-AIR EQUIVALENT OF FOILS. 


For all the metals examined the points lie on straight lines 
which pass through the origin. The experiments therefore 
prove that for small thicknesses of matter the scattering is 
proportional to the thickness. If there is any appreciable 


616 Dr. H. Geiger and Mr. B. Marsden on the Laws of 


diminution in velocity of ‘the « particles in passing through 
the foils, the number of scattered particles increases some- 
what more rapidly than the thickness. 


Variation with Atonuc Weight. 


Assuming that the magnitude of the central charge of the 
atom is proportional to the atomic weight A, Professor 
Rutherford has shown that the number of a@ particles 
scattered by different foils containing the same number of 
atoms should be proportional to A’. With the thin foils 
which had to be used experimentally, it was found im- 
practicable to calculate the number of atoms per unit area b 
weighing the foils. It proved much more reliable to deduce 
the required number of atoms from the air equivalent as 
found by the reduction of the range of & particles by the 
scintillation method. This method had the advantage that 
the thickness was determined at the exact part of the foil 
which served to scatter the « particles, thus eliminating any 
errors due to variations in the thickness of the foils.’ Bragg 
and others have given numbers connecting the thicknesses 
of foils of various materials and their stopping power, and 
it has been shown that for different foils of the same air 
equivalent the numbers of atoms per unit area are inversely 
proportional to the square roots of the atomic weights. 
Consequently if the scattering per atom of atomic weight A 
is proportional to A’, the scattering per centimetre air 
equivalent will be proportional to A? x A-, z. e. to A®”. 

In the experimental investigation the same apparatus was 
used as in the previous experiments on the variation of 
scattering with thickness of material. The openings in the 
disk S were covered with thin foils of different materials, 
and their thicknesses chosen in such a way that they gave 
approximately the same effect of scattering. A number of 
different sets of experiments were made, the foils being 
varied in each experiment. ‘The results in a particular 
experimentare given in Table [V. Columns I. and II. give 
the foils used and their respective atomic weights. In 
column II]. the air equivalents of the foils are entered. 
Column IV. gives the number of scintillations observed 
after correction for the variation in activity of the source 
and the loss of velocity of the @ particles in the foil. 
Column V. gives the number of scintillations per unit air 
equivalent of material. In column VI. the values of A?” are 
given, and in column VII. the ratios of the numbers of 
scintillations to A®? are calculated. The figures are constant 
within the experimental error. 
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Variation of Scattering with Atomic Weight. 
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( Example of 


a set of measurements. ) 


if Il. THIELE 5 DY. | Vi. VI Wir. 
' Number of |» pase 
Atomic Air | scintillations gael, of 3/9 2/3 
Substance. weight. | equivalent | per minute | Oat ae prey «q IN GAL 
UN inem. | corrected for Lie are Maer 
decay. equivalent. 
Cold s...... 197 299 133 581 2770 0:21 
ADT eee oe ccs. 119 44] ELS ae 1300 0:21 
BEL VOE 22.2... 107°9 262 S17 198 1120 0:18 
Copper ...... 63°6 616 71 TS 507 0°23 
Aluminium. 27-1 2-05 71 | 346 141 0-24 


The combined results of four experiments are given in 
Table V. In the last column are given the ratios of the 
numbers of scintillations per centimetre equivalent to A®”. 
This ratio should be constant according to theory. The 
experimental values show a slight increase with decreasing 
atomic weight. 


TABLE V. 
Variation of Scattering with Atomic Weight. (Collected 
results using Ra ©.) 
Total number | Ratio of 
\ ; of scintillations , scintillations per 
i oubstaneet counted for each Bre, em. air equivalent 
material. to A?/? *, 
MGOIG Wee .c.03. 2... 850 2770 95 
Platinum .........| 200 2780 99 
Ti 700 1300 96 
RMP ee he asa) -e 3 800 1120 98 
peopper—----2......- 600 507 104 
Aluminium ...... | 700 144 110 


* Note 1.—Since these experiments were carried out, Richardson and 
one of us (Phil. Mag. vol. xxv. p. 184 (1913)) have determined the masses 
per unit area per cm. air equivalent for different metals, using the scintil- 
lation method. Introducing the results, and calculating the values of 
the ratio of the scattering per atom divided by A?, the following are 
obtained:—Au 8:4, Pt 3:2, Sn 3°38, Ag 36, Cu 3:7, Al 3:6. These 
numbers show better agreement than those in the last column above, 
which are calculated on the assumption of Brage’s law. 
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On account of the importance of these experiments further 
measurements were made under somewhat different con- 
ditions. ‘The main difficulty in the previous experiments 
arose from the fact, that owing to the rapid decay of the 
source it was impossible to count in each case a sufficient 
number of scintillations to obtain a true average value. In 
the following set of measurements radium emanation in 
equilibrium with its active deposit was used as source of 
radiation. The source consisted of a conical glass tube 
(fig. 6) of about 13 mm. internal diameter at its widest part, 
the height of the cone being about 2°5 mm. 

The end of the tube was closed airtight by Fig. 6. 

a sheet of mica of 0°62 cm. air equivalent. 
This tube was filled with about 30 milli- 
euries of highly purified emanation and 
placed at R (fig. 3, p. 612) directly against 
the mica window H, the air equivalent of 
which was also 0°62 cm. 

The difficulty introduced by the employ- 
ment of @ particles of different velocities 
(emanation, RaA, and RaC) was elimi- 
nated by using foils of approximately the 
same air equivalent. The « particles there- 
fore suffered the same reduction in velocity 
in each foil, and the numbers of scattered 
particles were therefore directly comparable. It was of 
course impossible to obtain foils of exactly the same air 
equivalent, but this difficulty was easily overcome by de- 
termining the scattering for two foils of the same material, 
one slightly smaller and the other slightly larger than a 
standard thickness of 0°6 cm. air equivalent. 

Owing to the large variation with atomic weight of the 
amount of scattering, the foils could not be all directly com- 
pared with each other at the same angle. They were there- 
fore compared in sets, the angle being chosen smaller for 


o . . 
the sets of lower atomic weight. Column VI. in the following 
table gives the mean results of the ratio of the number of 
scattered particles to A®”. 


The scattering of carbon was obtained by using thin 


co) . e 
sheets of paraffin wax which contained about 85°2 per cent. 


carbon and 14°8 per cent. hydrogen. The air equivalent of 
the carbon was calculated from Bragg’s law to be about 78 
per cent. of the whole stopping power, and on account of the 
low atomic weight of hydrogen all the scattering effect was 
assumed due to the carbon. The measurements of the 
scattering were made by comparison with that due to 
aluminium foils of the same air equivalent. 
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Variation of Scattering with Atomic Weight. (Collected 
results using Radium emanation.) 


Ts | roe 


| 
| 
| 


; | 
Bh V9 Ie ee | VI. 

| 

| 


‘Total number | Number N of 


| Air equiva- | of scintilla- | scintillations | 
Substance. _ lents of foils : tions counted at same angle AB bw x A238 | 
used, | foreach and for same 


substance. air poet 


| 
ald ose gl 02, “68 P2000 | 2400) |: 


| 2770 85 
rasium, .-2s:4) 94, G25 1000 2900 | 273 1057) 
Te an Py eb Meelis 1400 1290 | 1300 99 | 
CNEL ae | °38, °4395 600 1060 1120 OBE 
| Copper ......... -495, 61 1300) 3) 57 Onn, 12 
Aluminium ...| °45, °52, 1:06 1600 | 1ol 144 LOD" 4 
Carbon ......... BB, BT | AGO; VS EB 416) 137 
| | 
Note 2.—Introducing the new data for the mass per unit area of foils. 


of the same air equiv alent, as in note 1, the following are the values. 
for the ratio of the scattering per atom divided by A* —Au 3: 1, Pt 3°4,. 
Sn 5:4, Ag 3°4, Cu 3°95, Al 3-4. 


Jt will be seen from the table that, although the experi- 
mental conditions were very different from those in the 
previous experiments, the results are similar, and indicate 
the essential correctness of the assumption that the scattering 
per atom is proportional to the square of the atomic weight. 
The deviations from constancy of the ratio (see notes 1 and 2). 
are nearly within the experimental error. 

The measurements have not so far been extended to sub- 
stances of lower atomic weight than carbon. When the 
atomic weight is small and comparable with the mass of the 
a. particle, the laws of scattering will require some modification 
to take into account the relative motion of the atom itself 
when a collision occurs. 


Variation of Scattering with Velocity. 


In order to determine the variation of scattering with 
velocity the apparatus was somewhat modified. A conical 
glass tube coated with active deposit was again used as source 
ae radiation. This source was placed about 1 mm. from the 
mica window (H, fig. 3), so that it was possible to insert 
additional sheets of mica between the source and the window 
to reduce the velocity of the « particles. Mica sheets were 
used for this purpose on account of their uniformity of 
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thickness in comparison with metal foils. The micas were 
attached to a cardboard disk which couid be rotated to bring 
the different sheets successively in position. The « particles 
were scattered by a foil of gold or silver, of stopping power 
about 3 mm. of air, which was attached to a rod passing 
through the ground olass N. This made it possible to turn 
the foil away from the main beam during an experiment in 
order to test the natural effect. The disk S, in this case, 
rotated in a plane very close to the glass plate C and carried 
sheets of mica of different thicknesses. By rotating the 
ground-glass joint the micas could be placed directly in 
front of the zinc-sulphide screen, making it possible to test 
the homogeneity of the a particles after they had been 
scattered. 

The results are given in Table VII. Column I. gives the 
number of mica sheets which were interposed in addition to 
the mica window, and column II. the ranges of the @ particles 
incident on the scattering foil. The values of the velocities v 
were calculated from these ranges R by use of the formula 
v’=ak previously found by one of us*. The relative values 


TABLE VII. 


Variation of Scattering with Velocity. 


ee. t, iery sO dernane IV. v. | 
| { 
Number of Rees | Relative |Number N of | 
sheets of 2a rere values of | scintillations | Nv. | 
mica. Ha al =) Or per minute, 
mica. | | | 
| 
0 pele 1:0 24-7 | 25 | 
1 4°76 1-21 290 | 24 | 

2 4:05 1:50 30°4 22 

3 3°32 1-91 44 | 23 
4 Zo 2°84 81 28 | 

5 1°84 4°32 101 23 
6 1:04 9°22 255 28 | 
| 


| | \ 
| 1 


of 1/vtare givenincolumn III. The number of scintillations 
per minute N are entered in column IV., and in column VY. 

relative values of N x vtare given. Over the range examined 
the number of sctanuillaninn varies in the ratio “ie 10, while 
it will be seen that the product Nv* remains sensibly 
constant. Several experiments were made, and in every case 


* H, Geiger, Roy. Soc. Proc. A. vol. Ixxxiii, p. 506 (1910). 
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the scattering was found to vary at a rate more nearly 
proportional to the inverse fourth power of the velocity than 
to any other integral power. Owing to the comparative 
uncertainty of the values of the velocity for small ranges, 
however, the error of experiment may be somewhat greater 
than appears from column V. of the table. 

In these experiments it proved essential to use a source 
possessing a high degree of homogeneity. In earlier experi- 
ments, where we were not able to fulfil this condition, the 
scattering apparently increased much more rapidly than the 
inverse fourth power of the velocity of the Ra C a particles. 
Even with a source of Ra C with which only a small quantity 
of emanation was associated, the amount of scattering first 
rapidly increased on interposing the sheets of mica, then 
showed a slight decrease, and finally increased again. This 
irregularity was due to the « particles of the emanation and 
Ra A, which are of shorter range than those of RaC, and 
therefore more easily scattered. 

The measurements could not easily be extended to « 
particles of lower velocity than corresponds to a range of 
about 1 centimetre, owing to the difficulty of observing the 
faint scintillations at lower ranges. However, in one 
particular experiment, by adding sheets of mica to cut down 
the velocity the number of scattered « particles appearing 
on the screen was increased 25 times, showing how easily 
the « particles of low velocity are scattered. 

The results of the examination of the homogeneity of the 
scattered a particles showed that at least in the case of gold 
they remained practically homogeneous after the scattering. 
Hixperiments of this nature in the case of scattering foils of 
low atomic weight would be very interesting, but are some- 


what difficult. ti 


Determination of Absolute Number of Scattered 
a Particles. 


In the previous sections we have completely verified the. 
theory given by Prof. Rutherford. Since, according to this 
theory, the large deflexion of an « particle is the result of a 
close encounter with a single atom of matter, it is possible to 
calculate the magnitude of the central charge of the atom 
when the fraction of « particles scattered under definite con- 
ditions is determined. We have made several attempts under 
different conditions to obtain a quantitative estimate of the. 
scattered particles, but the results so far have only given us 
an approximate. value. The main difficulty arises from the. 
fact that the scattered particles consist of such a small. 
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fraction of the original beam that different methods of 
measurement have to be employed in the two cases. The 
number of scattered a particles was determined from the 
number of scintillations observed on the zinc-sulphide screen, 
a correction being necessary owing to the fact that with the 
particular screens used only about 85 per cent. of the incident 
« particles produce scintillations. The number of @ particles 
in the main beam was in one case in which an emanation 
tube was used (as shown in fig. 1, p. 607) determined directly 
by the scintillation method, several weeks being allowed to 
elapse, so that the emanation had decayed to a small value. 
In other experiments Ra C deposited on the inside of a conical 
glass tube (as in fig. 2, p. 611) was used, and the number of 
a particles was calculated from its y-ray activity and the 
distance and area of the diaphragm determining the beam. 
The results showed that, using a gold foil of air equivalent 
1 mm. (actual thickness 2°1x107-° cm.), the fraction of | 
incident Ra C @ particles (v=2°06 x 10° cm./sec.) scattered 
through an angle of 45° and observed on an area of 1sq. mm. 
placed normally at a distance of 1 cm. from the point of 
incidence of the beam, was 3°7x107'. Substituting this 
value in the equation given at the commencement of this 
paper, it can be calculated that the value of the number of 
-elementary electric charges composing the central charge of 
the gold atom is about half the atomic weight. This result 
‘is probably correct to 20 per cent., and agrees with the 
deduction of Prof. Rutherford from the less definite data 
given in our previous paper. 
From the results of this and the previous sections it is 
possible to calculate the probability of an @ particle being 
scattered through any angle under any specified conditions. 
For materials of atomic weight greater than that of 
-aluminium, it is sufficiently accurate to put N equal to half 
the atomic weight in the equation given at the commence- 
-ment of the paper. : 
It will be seen that the laws of “ single scattering ”’ found 
in this paper are quite distinct from the laws of ‘‘ compound 
scattering ” previously deduced by Geiger. It must be 
remembered, however, that the experiments are not directly 
comparable. In the present paper we are dealing with very 
thin sheets of matter, and are measuring the very small 
fraction of « particles which are deflected by single collisions 
through relatively large angles. The experiments of Geiger, 
however, deal with larger thicknesses of scattering foils and 
-angles of deflexion of a few degrees only. Under these 
-conditions the scattering is due to the combination of a large 
number of deflexions not only by the central charges of the 
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atoms, but probably also by the electronic charges distributed 
throughout the remainder of their volumes. 


Summary. 


The experiments described in the foregoing paper were 
earried out to test a theory of the atom proposed by Prof. 
Rutherford, the main feature of which is that there exists 
at the centre of the atom an intense highly concentrated 
electrical charge. ‘The verification is based on the laws of 
scattering which were deduced from this theory. The 
following relations have been verified experimentally :— 

(1) The number of « particles emerging from a scattering 
foil at anangle ¢ with the original beam varies as 1/sin* $/2, 
when the « particles are counted on a definite area at a con- 
stant distance from the foil. This relation has been tested 
for angles varying from 5° to 150°, and over this range the 
number of « particles varied from 1 to 250,000 in good 
agreement with the theory. 

(2) The number of a particles scattered in a definite 
direction is directly proportional to the thickness of the 
scattering foil for small thicknesses. For larger thicknesses 
the decrease of velocity of the « particles in the foil causes a 
somewhat more rapid increase in the amount of scattering. 

(3) The scattering per atom of foils of different materials 
varies approximately as the square of the atomic weight. 
This relation was tested for foils of atomic weight from that 
of carbon to that of gold. 

(4) The amount of scattering by a given foil is approxi- 
mately proportional to the inverse fourth power of the 
velocity of the incident « particles. This relation was tested 
over a range of velocities such that the number of scattered 
particles varied as 1: 10. 

(5) Quantitative experiments show that the fraction of 
a particles of RaC, which is scattered through an angle of 
45° by a gold foil of 1 mm. air equivalent (2°1x10~’ cm.), 
is 3°7x10~7 when the scattered particles are counted on a 
screen of 1 sq. mm. area placed at a distance of 1 cm. from 
the scattering foil. From this figure and the foregoing 
results, it can be calculated that the number of elementary 
charges composing the centre of the atom is equal to half the 
atomic weight. 


We are indebted to Prof. Rutherford for his kind interest 
in these experiments, and for placing at our disposal the 
large quantities of radium emanation necessary. We are 
also indebted to the Government Grant Committee of the 


Royal Society for a grant to one of us, out of which part of . 


the expenses has been paid. 
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LXU. The Absorption of Heat produced by the Emission of 
Ions from Hot Bodies. By H. L. Cooke, Assistant Pro- 
fessor of Physics, and O. W. Ricuarpson, Professor of 
Physics, Princeton University *. 


ie 1903 f one of the writers pointed out that there should 
be a considerable stream of energy away from the 
surface of a hot body which is emitting electrons or ions. 
When the total thermionic current is 7 the rate of loss of 
energy 1s 
neh R 
(O42 ~6), J lle 
where ® is the drop of potential through which an ion 
would have to fall in order to acquire the energy which is 
equal to the heat rendered latent when the ion is emitted by 
the substance, R is the gas constant for a single molecule, 
e is the charge on an ion, and @ is the temperature of the 
substance. Since 2 increases very rapidly with 6, the rate 
of loss of energy due to this cause should also increase very 
rapidly with increasing temperature. 
In the paper referred to, the derivation of the formula 
which is equivalent to (1) is confined to the case of the 
emission of electrons, and is based upon the electronic theory 
of metallic conduction. The scope of the formula is, however, 
much wider than this. It can, in fact, be shown to hold for 
any case in which it is possible to have equilibrium between — 
an external atmosphere of ions and the source of emission. 
Strictly speaking, these statements are only universally true 
provided the phenomenon of electron reflexion is disregarded. 
The modifications which may have to be introduced on this 
account cannot be large and will be referred to later. 
Attempts to detect and measure this loss of energy have 
been made by Wehnelt and Jentzsch t and by Schneider §. 
These investigators all used a lime-coated platinum wire as 
the source of electrons. They agree in observing a cooling 
effect which is generally larger than that given by the above 
theory. The discrepancy is most marked at the lower tem- 
peratures, where Wehnelt and Jentzsch believe their results 
to be most reliable. At the higher temperatures there is a 
considerable emission of gas from the heated wire, and this 
is ionized by collision with the escaping electrons; the 


* Communicated by the Authors. 

+ O. W. Richardson, Phil. Trans. A, vol. eci. p. 502 (1908), 
{ Ann. der Phys. vol. xxviii. p. 5387 (1909), 

§ Ibid. vol. xxxvii. p. 569 (1912). 
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positive ions thus liberated bombard the hot wire and 
produce a heating effect which vitiates the measurements. 
At the lowest temperatures the measured effect was from five 
to ten times as large as the calculated. These discrepancies 
led Wehnelt and Jentzsch to the conclusion that the theory 
was insufficient completely to account for the phenomena 
which accompany the emission of electrons from hot 
conductors. 

This may be so; but it seems to us possible that the 
source of the discrepancy is to be found in the method of 
experimenting. None of the investigators referred to have 
taken precautions to eliminate or allow for the direct dis- 
turbing action of the thermionic current on the galvano- 
meter of the Wheatstone’s bridge system, which is referred 
to in our papers* on the heat liberated during the absorption 
of electrons by metals. It is impossible to estimate the 
maguitude of this effect from the data given in the papers, 
but our own experience leads us to judge that it may well 
be much greater than the effect under investigation. We 
urge the possibility of this explanation with a certain amount 
of diffidence as we have not made experiments on lime- 
coated wires ourselves, and it is barely possible that there is 
something about the emission from lime that makes its 
behaviour exceptional. 

All the experiments that we have made up to the present 
have been carried out with filaments of osmium as the source 
of emission. We are glad to be able to take this opportunity 
of thanking the Deutsche Gasgliihlicht Actiengesellschaft of 
Berlin for presenting us with the material. The cooling 
effect was obtained by measuring the change of resistance 
of a heated filament which occurred when the thermionic 
current was turned on and off. The filament was heated by 
a direct current which was constant except for the distur- 
bance produced by the thermionic current. The thermionic 
current was controlled by a suitable potential difference 
applied to a surrounding cylindrical electrode. It was started 
and stopped by reversing this potential difference. The 
change of resistance was compared with that produced by a 
known change in the main heating current, which thus 
supplied a known increment of energy to the system per 
unit time. If this increase in the rate of supply of energy 
is expressed in watts, the cooling effect per unit thermionic 
current may be obtained directly in equivalent volts by a 
comparison of the observed deflexions of the galvanometer 
of the Wheatstone’s bridge. 

* Phil. Mag. vol. xx. p. 173 (1910); vol. xxi. p. 404 (1911). 
Phil. Mag. 8: 6. Vol. 25. No. 148. April 1913. 2U 
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The method will be clearer after reference to fig. 1. This 
shows one of the two arrangements used which, for reasons 
which will be clear later, may be referred to as the “ standard 
shunted” arrangement. The osmium filament L is placed 


in the arm EF of the bridge. The adjacent arm CE carries 
a standard resistance of 10 ohms capable of taking a large 
current without heating. The resistance of the filament L 
was comparable with 4 ohms at the temperature of the ex- 
periments. The resistances CD and DF were 100 times CE 
and HF respectively, so that only one per cent. of the bridge 
current flowed along CDF. With this arrangement of re- 
sistances the same current may be used to actuate the bridge 
and to heat the filament, and on account of the large current 
flowing down the arms CHF very small changes of resistance 
may be detected. The main current was supplied bythe battery 
B, of 12 or 24 volts, regulated by the rheostat Rh,, measured 
by the ammeter A and reversed by the reversing switch K,. 
Tt also passed through a standard 1 ohm resistance at NM. 
By means of the key K; this could be shunted by a standard 
100 ohm resistance, thus producing a small known change 
in the heating current through L. The emitted electrons 
flowed from L to the surrounding cylinder H. They were 
driven by the high potential battery B,. This was placed 
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across a high resistance slide-rheostat Rh,, and various 
potential differences could be tapped off and read by the 
voltmeter V. The switch K, enabled this potential to be 
instantaneously reversed. From K, the electrons flowed to 
the middle point of a 2000 ohm resistance. In the standard 
_ shunted arrangement the ends PQ of this were connected to 
C and E respectively. This is equivalent electrically to 
making the thermionic current start from the middle of the 
arm CE of the bridge. In the *‘ filament shunted” arrange- 
ment the ends PQ of the 2000 ohm resistance were connected 
respectively to Hand F. This is equivalent electrically to 
a current starting from the centre of resistance of the filament 
and returning to its surface in the same proportion in various 
parts as the densities of the currents of (negative) electrons 
away from it bear to one another. If the emission of 
electrons is symmetrical about the centre of resistance, the 
thermionic current will produce no direct disturbance of the 
galvanometer in either of these cases. In the second case 
this will be true in any event, but in the first only provided 
the resistances are adjusted for no deflexion. The thermionic 
currents were measured by the microamperemeter T. 

The method of carrying out a set of observations was as 
follows. The bridge current having been turned on, Rb; 
was adjusted until the thermionic current was of the desired 
value. After conditions had become steady the resistance in 
the arm DF was altered until the bridge was balanced, with 
the thermionic current stopped by opposing the potential 
supplied by the battery Bj. A series of half-minute readings 
of the galvanometer G and the microammeter T were then 
taken with the thermionic current alternately on and off. 
Previous experiments had shown that half a minute allowed 
ample time for the new steady condition to be established 
and for effects due to the period of the galvanometer to have 
disappeared. Readings in opposite directions were taken in 
order to eliminate the steady drift due to fluctuations in the 
temperature of the filament arising from other causes. The 
mean of the successive defiexions was taken to represent the 
effect sought. Then, with the thermionic current off another 
set of half-minute readings on the galvanometer were taken, 
the key K; being now alternately closed and open. The 
mean of these gives the effect due to a known change in the 
energy supplied to the filament. The voltage of the battery 
B, and the reading of the ammeter A were then recorded. 
This constitutes one set of readings. A similar set was then 
taken with the key K, reversed. From these two sets, as 
we shall see, the value of ® may be deduced. Asa rule 
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the whole process was repeated with the 2000 ohm resistance 
connected across the filament instead of across the standard 
resistance CH. The new readings yield an independent 
value of @. 

The galvanometer G was of the D’Arsonval type supplied 
by Nalder Brothers, London. It had a resistance of 225 
ohms and gave 1 scale-division for 1:29x10-* ampere. It 
was very heavily damped. The filaments used were 15 mm. 
long and ‘065 mm. in diameter. To saturate the thermionic 
current a potential difference of from 40 to 100 volts was 
applied, the amount necessary varying in the different 
experiments. 

It will be noticed that the method of measurement em- 
ployed is equivalent to using the hot filament as a bolometer. 
The change in the resistance of the filament will be propor- 
tional to the change in the rate at which energy is supplied 
to it, provided the change in the energy supplied is small. 
The details will be clearer after we have considered the 
magnitude of some of the effects to be observed. 


Theory of the Measurements. 


Let us first consider the method of calibration. This 
depends upon the measurement of the steady deflexion Dr of 
the galvanometer G which occurs when the resistance M is 
shunted by the resistance N. Let the resistance of M be < 
and that of N y. If the resistance of the filament when N 
is not shunted is R and the current flowing through it 2, the 
rate of supply of energy to the filament is 


He Ri, 
When M is shunted by N the current 2 becomes 2+ 2, and 


consequently R is changed to R+OR. Thus the new steady 
rate of heat-supply is 


B+3E=(R+0R)(i +90)". 


To the first order in the small quantities OR and 02, which 
is all that is required, the increment in the rate of energy- 
supply is 

OH=2Ridi+7ORo . «Se 


To determine Q2 in terms of the quantities measured we 
proceed as follows. Let V be the electromotive force of the 
battery B, and Ry the resistance of the whole circuit in- 
cluding the Wheatstone’s bridge. Let V=Rpo), then 2 is 
the current supplied by the battery B,;. The current i 
which heats the filament is smaller than 2,, since a small 
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fraction 7 of the Jatter flows down the high resistance arms 
FDC. The heating current 2 is thus 


i= (1l—m)t;=(1—7) V/Ro. 
The resistanve of x when shunted by y is bs and the 
change in Ry due to switching on the shunt is 
ORy= —27/(a#+y). 
The current when the resistance is thus altered is 


2 


1 +d4=V/(Ro+9R,) =V/R,(1— p : 
y+Oy /(Ro +0 R,) [4X9 Ro(w +y) 
Thus to the first order of small quantities 
BO 2G Tl NAGS Ne keene) A Sammmeaten (29) 
Since ue 


i=(1—7)y, =U—7)d,=A—7T) == 
and 9H may be written 


Ae ee Jritd OR yt +OR b. 
x+y) 

To find QR from the deflexions Dx, of the bee it 
is necessary to consider the theory of the Wheatstone’s 
bridge circuit. If the resistances of CD, DF, FE, and EC 
are b, a, B, and # respectively and z is the current through 
the oalvanometer G, then 


i= { Getl+ate)+ b+a)(at8 be, 


where A is the usual determinant *, and 


Mey Ly fli a B 

A ae G a oA 
es oe ae 
b 
to the first order in 7. Thusif the aWiioatetone’ s bridge is in 
adjustment when p= R, the increments @z and 36(= oR) 
due to a change of 2, from 1 to 21+ 0% will be related by the 
equation 


G+a(1+r+ 7) 


where & is the insensibility of the galvanometer. In our 


* J. J. Thomson’s ‘ Elements of Electricity and Magnetism,’ p. 306. 
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experiments & was 1°29x1078, 2. e. 1°29x107° amp. gave 
1 seale-division. Since Q?,/¢; was at most about 0:0005, it 
may be neglected in this equation. Thus 


OR=129x 10-27 (G+a a[i+r4)'])Ds (4) 


BES —ay “2k yeu 


4.1:29x 10- 57 (Ga [i+c+7'])De }. (5) 


We shall now consider the change in the rate of supply 
of energy which occurs when the thermionic current is 
turned on and off. Were it not for disturbing effects this 
would be a simple matter. From equation (1) we see that 
when a thermionic current of strength T flows from the 
filament, the sum of the work done and the energy carried 


away by it is T{ p42" at. The whole of this energy 


cannot be regarded as lost by the filament, since the electrons 
do not flow into it at the absolute zero of temperature but 
at the temperature @) of the rest of the electrical system. 
We shall therefore write the increment OE’ in the energy 
supply due to the thermionic current as 


—T{ $42 (0-6) \. ae. 
é 5 


The terms involving @ and @) are not exact. They are cal- 
culated on the supposition that Maxwell’s law of distribution 
of velocities can be applied to the electrons. This is only 
approximately true when a current is flowing, the deviation 
depending on the nature of the collisions which the electrons 


undergo. However, 26 only amounts to about 5 per cent. 


of @ at 2000° K, so that the error involved here cannot be 
very great. It is of the same order as the work done by 
the thermionic current against the Thomson effect in the 
filament and the Peltier effect at the junctions. This we are 
also disregarding, as its magnitude is unknown although it 
must be aaa Graniler than ¢. 

The important disturbing effects which have to be con- 
sidered are the Joule heating effect due to the flow of the 
thermionic current inside the filament before it escapes, and 
the direct. effect it produces on the galvanometer G due to 
incomplete compensation. Consider the former first. The 
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flow of electrons, which constitutes the thermionic current 
when it is outside the filament, will distribute itself about 
the Wheatstone’s bridge circuit in a manner which depends 
on the value of the various resistances and the position of 
the return wire PQ. The actual current flowing at any 
point of the filament will be due to the superposition of this 
current upon that supplied by the battery B,. However the 
additional current may distribute itself, there will be one 
point in the filament where it contributes nothing to the 
current 2 which flows along the latter. Let the value of 2 
at this point be z,. Since the relation between currents 
and potentials in a network is a linear one, % would be equal 
to the value Cy of ¢ when the thermionic current is prevented 
from flowing, were it not for the change QR, in the re- 
sistance R of the filament which is produced by the ther- 
mionic current. The potential of the battery B, being V, 
we have C),=V/R,) and iy= V/(Ro FOR) = Co( -o) 
0 
to the first order in OR,/Ro. If po is the resistance per unit 
Jength of the filament when the thermionic current is not 


flowing, R= | pode. If po is the value of py when the 
thermionic current is escaping, R+ OR = | po'da. As the 
change in the resistance may be supposed, without serious 
error, to be distributed uniformly along the filament, we 


R 
current along the filament, when the thermionic current is 
allowed to escape, is i) as origin let the coordinates of the 
ends of the filament be +2, and —ay. The current which 


may put po =po(1+ or). Taking the point where the 


is heating the filament at any point visthen%+  jdz, 7 bemg 
0 

the thermionic current flowing into unit length of the fila- 

ment at any point. Thus the total rate of supply of energy 


due to the Joule heating effect of the various currents when 
the thermionic current is escaping is 


fe itae Bois ge eye oR) 7 
a po (io +4, jada ( polo (1+ “R i-? isa. 
pee OR; OR, {5 | 
2 =~) l= a> dx |\dx 
a po Ci( 1+ R Va R nt J 2 \dx 


ry R Cr 2 
fe (is BL] 
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When there is no thermionic current the Joule heating 
Cit ; 
effect 1s ( poC,dx, so that the extra effect due to turning 


CY, — Xo 
on the thermionic current 1s 


“2, ' ~ : 2, h 
: Po (2o at jdx)*dx — PoCo dx 


Rs 28.60 g(r 38)(1— 28) f (Site 
=ROF| Bog Ro J2f2 escu(a+ R ; Ro [|,.ite Jax 


+ { H p(t %.) [ite] ae as 


— Lo 


The middle term in (7) reverses when the direction of the 
heating current Cy is reversed. The other two terms do not. 
We shall see in a moment that the effect of the second term 
can readily be eliminated. The magnitude of the third term 
was negligible in all our experiments, being equal to only 
1/500 of the first term in the most unfavourable case. 

In the above expressions OR, is a negative quantity. If 
we consider OR, to be positive when it represents a diminu- 
tion in R, the diminution in the Joule heating effect due to 
turning on the thermionic current is. 

rq? 
\i jd | de 
0 


é OR, Ok, i: 1 OR, ( oR, 
RC? |S 2) R, | = 247 pata 1— 9 1+ Ry 


if we disregard the third term. The total diminution in the 
rate of supply of energy is made up of this together with 
the loss due to the escape of the thermionic current. 
To the required accuracy it is therefore :— 


R* ply dal Guan oR] 
sH=T (p+2- Ge @,)) +ROo [Se 257 


e oR ok; *. 
—2 C (1- Fe \(1+ Lf dar |de 
fe. é R Ko : 

The first R is starred to indicate that it is the gas constant 
and not a resistance. The first two terms of (8) have the 
same direction independently of the direction of Cy. Since 
the deflexions of the Wheatstone’s bridge galvanometer, for 
a given change in the resistances, reverse when (C, is re- 
versed, it follows that the deflexions due to the first two 
terms of (8) reverse with Cy. The third term gives rise to 


— 
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a galvanometer deflexion whose direction is independent of 
that of Cp. 

If the distribution of the. thermionic current is quite 
symmetrical about the centre of resistance of the filament 
the bridge galvanometer will be exactly compensated, both 
in the “filament shunted” and the “standard shunted ” 
arrangements. The compensation here referred to is that 
which is necessitated by the direct disturbing action of the 
thermionic current on the Wheatstone’s bridge circuit. The 
theory of the compensation has been fully discussed in our 
previous papers™ on the converse heating effect. The 
present method of experimenting affords no means of test- 
ing whether the compensation is precise or not; so that it is 
necessary to be sure that the method used eliminates any 
effect arising from lack of balance. In all except the first 
three experiments below the thermionic current was satu- 
rated, so that its distribution about the filament must have 
been determined solely by the distribution of temperature 
about the latter. With a given distribution of thermionic 
eurrent from the surface of the filament the distribution of 
the equivalent current in the filament and in the Wheatstone’s 
bridge circuit is entirely determined by the distribution of the 
various resistances. Thus the magnitude and direction of the 
galvanometer deflexion due to lack of compensation will be 
independent of the direction of Co, except in so far as the 
direction of Cy may affect the distribution of temperature 
and resulting thermionic emission about the filament. As- 
suming that the thermionic current doubles in every 30° 
rise of temperature, and that the absolute temperature of 
the filament varies as the square root of the energy supplied 
locally, an effect might arise in this way which would make 
the observed effects about 2 per cent. too big with the largest 
thermionic currents used. With the smaller thermionic 
currents this effect would be quite inappreciable. The data 
available for this estimation are not very precise, but they 
have been selected in doubtful cases so as to lead to an upper 
limit, z. e. so as to over-estimate rather than under-estimate 
the effect. Neglecting this effect for the present, the de- 
flexion due to incomplete compensation will be determined 
by the thermionic current T and the distribution of the 
resistances in the circuit, and will be independent of the 
direction of Co. Let the part of the galvanometer deflexion 
which is due to this cause be D= pw, where p is the galvano- 
meter deflexion due to unit change of the resistance R. 
vy is thus the value of the galvanometer deflexion due to 

* Loc, cit. 


634 Profs. Cooke and Richardson on Absorption of 


lack of balance expressed in terms of the change in R which 
would produce the same effect. It is clear from what has 
been said, that the observed deflexion Dp of the galvanometer 
G when the thermionic current is turned on, is not due 
entirely to the change OR; of the resistance arising from 
the change in the rate of supply of heat. Instead of being 
equal to “pork it is equal to p(OR:+y), where pw is the 
deflexion arising from the lack of compensation. x 

Since the alteration in the rate of supply of energy to the 
filament due to either turning on the thermionic current or 
shunting the resistance «x, is small, it will be proportional to 
the corresponding change in temperature or resistance of the 
filament. If Di is the galvanometer deflexion and OR, the 
corresponding change in the resistance of the filament caused 
by shunting «, we have 


T(g+2°(- a) + ROS —2 came po('(1— oe “eet) Li Jae Je jde | de 


Jat 12" 
(1-20)i2(2R ye eee +R.) 


Ok; Dr—pw 
Si = a Deca pat «cage eae te. A 


If the corresponding values of T, OR;, and Dp w rhen Cp is 
reversed are denoted by dashes, we have, adopting the con- 
vention that the positive dir peelon of the deflexions reverses 
with Co, 


ait cae a Ri! | ORe yi: 
T(o+2" = (0~6)) + RO, i E oR! +24 “pat'o( 1— on + oe LM jda | de 
a 


Lami 2R yy $8R) 
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By addition of (9) and (10), remembering that V=R,y 
and Cg=(1—7)i,, where zw is a small fraction whose square 
may be neglected, we have, after transposing, 


(L2e)it ORL OH Rie’ (, a 
iba il Ol ih) ViGa a) Ma i 
2 (115) 


b+2—— (6-4) = 
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We see also from (9) and (10) that 


OR,+ 0R? rm Dr+ Dy’ 
(3 las ee ates BAe 
Thus 


eet) Dit Dy 2Riy2? (w7+y)oR. ae R* 4 
a Pew Da V@ry) mi ae ) ers (9—@). 
(12) 


Of the quantities on the right-hand side R*/e is a known 
constant, 2, T, T’, Dz, Dr’, Dz, R, and @ were measured 
during the experiments, and 7, x, andy were known. ‘Their 
values were r='01, v=1 chm, y=100 ohms. @ was only 


' estimated, but its value does not matter much as the term 
* 


2 — (8—@) amounts only to about 5 per cent. of @. The 
€ (a@+y)oR. 
2 


term varies from about 5 Per, Cent. Lo about 


10 per cent. in the different experiments. The value of 0h. 
is readily obtained from the corresponding deflexion Dg of 
the galvanometer G by using the theory of the Wheatstone’s 
bridge circuit. With the resistances and galvanometer used 
the appropriate relation is 


OR,=1°30 x 10-§ (G+ LOOR(1:01+0:001G)) x Dg. (13) 


It will be observed that the bolometric measurement of 
the cooling effect due to the thermionic current and the 
measurement of the Joule heating effect due to a small 
increase of the main current, are not made under quite the 
same conditions. The thermionic cooling all occurs at the 
surface of the filament, whereas the Joule heat is produced 
uniformly throughout the volume. ‘The mean difference of 
temperature developed by a given supply of energy will, 
therefore, be smaller in the latter case, on account of the 
temperature gradient which is required to drive the energy 
to the surface of the filament. By considering an analogous 
case, in which there is no radiation but the loss by radiation 
is represented by conduction through a surrounding con- 
ductor of much lower thermal conductivity than the filament, 
it becomes clear that the error thus introduced is a negligible 
traction of the change of temperature which is measured. 
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Results of the Experiments. 


The Table which follows contains the results of all the 
measurements we have made. The data are set forth in 
detail in order to show that formula (12) has been tested 
under a great variety of conditions. This seems especially 
important in view of the quite different results obtained by 
Wehnelt and his pupils in_their experiments on lime-coated 
wires. In the table, column I. gives the number of the 
experiment. Column II. gives the mean deflexion Dy of 
the galvanometer G, in scale-divisions, caused by turning 
the thermionic current on and off for 30-second intervals. 
Jolumn III. gives the mean galvanometer deflexion caused 
by opening and closing the key K; for intervals of 30 seconds. 
Column IV. gives the value of T, the thermicnic current, in 
microamperes. Column V. gives the value of 7, the current 
in the main circuit in amperes. Column VI. gives the re- 
sistance R of the filament in ohms. Column VII. gives the 
electromotive force of the battery B, in volts. Columns 


9 Be 

VIII—XI. give the values of the fraction - _ oe 
2 V(e+y) 
under different conditions. The value in column VIII. is 
that obtained with the ‘filament shunted” and the main 
current flowing in the direction from the filament to the 
standard (F>S); column IX. exhibits the corresponding 
quantity under like conditions, except that the main current 
is reversed and flows from the standard to the filament 
(S>F). Columns X. and XI. are respectively the same as 
VIIL. and [X., except that the ‘‘ flament shunted” arrange- 
ment is replaced by the “standard shunted”? arrangement. 
If it were not for the effects which reverse when the current 
27, 18 reversed the values in columns VIII.-XI. in any one 
experiment should be identical and approximately equal to 
. The differences in these numbers thus measure the mag- 
nitude of these reversible effects, which are eliminated in 
the final formula. It will be noticed that the divergence of 
the numbers is much greater for the “standard shunted ”’ 
than for the “ filament shunted” arrangement. ‘This is in 
accordance with the theory of the measurements as developed 
above, since the point at which 7=% is nearer the centre of 
the filament with the filament shunted arrangement. Column 


* 
XII. contains the value of 6+2 *" (0-6,) calculated from 


(12). It will be noticed that both the “standard shunted ” 
and “filament shunted” arrangements give essentially 
concordant values for this quantity. 


i 
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A glance at the Table will show that the experiments 
involve the following range of variation of the variables 
entering into the formula :—the thermionic current T from 
about 20 to 800 microamperes, the heating current 7, from 
0430 to 0°687 ampere, the resistance R of the filament from 
4-216 to 5°533 ohms, the potential V from 12°10 to 24-4 
volts, Dp from 2°4 to 198 divisions and Dg from 20:4 to 
107°5 divisions. The results thus afford a very thorough 
1est of the constancy of @ under widely varying conditions. 

Naturally the accuracy which may be expected in the 
final result differs very considerably in different cases. It 
is obvious that a determination which involves a deflexion 
of only 2°4 divisions as a factor cannot be comparable in 
accuracy, as regards errors of measurement, with one in 
which the corresponding deflexion is 200 divisions. There 
is of necessity a slight steady drift of the galvanometer spot 
due to uncontrollable causes in experiments of this character. 
The absolute effect of this is Just the same for both large 
and small values of Dy, so that its importance in the final 
result is much greater for small than for large deflexions. 
Under the circumstances it is almost surprising that the 
measured values of @ exhibit so much constancy and con- 
sistency over so wide a range. 

We might have picked out some of the experiments as 
being more reliable than others, but we have not done so, 
as our aim has been to examine the question of the constancy 
and definiteness of @ over a wide range of variation of the 
thermionic emission and other conditions. In this connexion 
it is worth repeating that the values deduced from experi- 
ments with large values of T (and consequently of Dz) are 
subject to an error due to effects which do not reverse with 
2, and which are only roughly calculable. These effects are 
unlikely to amount to more than 2 per cent. of ¢ with 
T=8x10-* amp., the largest value of T used, but they 
would be serious if T were appreciably larger. Conversely 
it is probable that they may be neglected with the small 
values of T used in most of the experiments. 

Taking R*/e= “4° x 10-®erg/°C. x E.8.U., 6=2000° K, 
@)= 290° K, the term = (9@—6)) =0°3 volt with sufficient 


accuracy. This estimate cannot be wrong by more than 
0:05 volt for the average temperature, but it may be 0°05 volt 
higher at the highest than at the lowest temperatures. 
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The mean of the 18 values of +2 (0-6) in column 


XII. given by measurements with the standard shunted 
arrangement is 5°01 volts; the mean of the 19 values with 
the filament shunted arrangement is 4:99 volts. Thus there 
is no certain difference between the results given by the 
standard shunted and filament shunted arrangements. The 


mean of all the 37 experiments gives +25 (0 —6)) =5:00 


volts, or @=4:7 volts. We see no reason at present why 
this value should not be correct to 0°1 volt. 

The question whether or no ¢ varies with @ is important. 
To see if our results give any information about this we 
have plotted in fig. 2 the experimental values of 


+2 (6-6) 


(@—0,) in equivalent volts > 
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against the logarithm of the mean value of the corresponding 
thermionic currents (‘'). Since the thermionic currents are 
nearly proportional to e~°™/® the differences of log T will _ 
be nearly proportional to the differences of @ if the range 


of 6 is not too large. It will be seen that there is a distinct 
indication of a slight increase in +25 (9—6)) as log T 


increases. Too much attention ought not to be paid to the 
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points to the left of the diagram, which are a long way from 
the line. They correspond to the measurements with small 
thermionic currents, and are necessarily subject to a large 
error. In some cases also these currents were not saturated, 
which may introduce systematic errors. The increase re- 
ferred to is larger than the R@ term would cause. Moreover, 
the small systematic error which occurs with large values of 
T, and which at present we are not able to calculate ac- 
curately, tends to make the measured value of ¢ too small 
when T is large. It will therefore tend to off-set the effect 
of the R@ term. Thus there seems to be a small but definite 
increase of @ with @. 

The discussion of this question will not be pursued further 
at present. In fact there are a number of points connected 
with the theory of these effects which we shall be able to deal 
with more satisfactorily when data relating to the thermionic 
emission from osmium at different temperatures are available. 
We expect to have these data at our disposal very soon. We 
wish to point out, however, that the above experiments afford 
a strong confirmation of the views about the nature of the 
emission of electrons from hot bodies which have been put 
forward by one of the authors. In particular, since osmium 
is closely related to platinum both chemically and Shae 
one would expect it to have a very similar value of ¢. ~ 
above value is very close to the value of the ot Gonding 
quantity which we obtained from the converse heating effect 
when electrons were absorbed by platinum, and is not very 
different from the values of the latent heat, expressed in 
equivalent volts, which one of the writers and others have 
deduced from the temperature variation of the emission of 
electrons by platinum. 


We are glad to be able to take this opportunity of thanking 
Mr. A. A. Barnes, who assisted us with the preliminary 
experiments and made several valuable suggestions, and Mr. 
Cornelis Bol, who took most of the observations. 


Palmer Laboratory, 
Princeton, N. J. 
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LXIII. The Age of Pleochroic Haloes. 
By J. Jory, F.RS., and EK. Rutuerrorp, F.R.S. 


[Plate IX. ] 


T is now well established that the minute circular marks 
seen in sections of certain coloured rock minerals— 
notably the coloured micas—are due to the effects produced 
by the alpha radiation of a central radioactive particle. The 
circular mark, in fact, represents the section or projection of 
a sphere detined by the range in the particular containing 
mineral of the most penetrating alpha ray emitted. If the 
parent radioactive substance is uranium, the fully developed 
halo is defined by a sphere having the radius of the furthest 
reaching ray, RaC. If the parent substance is thorium, the 
extreme radius of the sphere will be defined by the range of 
ih: 

Haloes are found in which the effects of other and less 
penetrating alpha rays of the uranium and thorium families 
may be clearly shown, and in some the quantity of radio- 
active material is so small that the halo may be described as 
‘‘ under-exposed ” ; so that the maximum effects of RaC or 
ThC being distributed over a relatively large spherical 
surface or shell, may be faint or absent, and the containing 
mineral only notably darkened by those inner rays whose 
actions are more concentrated owing to the lesser spherical 
shells to which their maximum ionization effects are confined. 
Thus, in the case of the uranium derivatives, the halo may be 
limited by the range of RaA, by Ra emanation, by Ra, or 
even by lonium or uranium. 

The halo is in every case the result of the integral actions 
of rays emitted since a very remote period. Haloes in the 
younger rocks are unknown. The quantity of radioactive 
material involved is very small. More especially haloes of 
true spherical form are necessarily formed around very 
minute nuclei, so that even if these were entirely composed of 
a parent radioactive element, it is only by the integration of 
effects over a very prolonged period that any results are 
brought about. 

It is of interest to seek some estimate of the time which 
may have been required to generate these haloes. This can 
be done if the following data are available : 

(a) The number of alpha rays which will produce a certain 
intensity of staining in a particular mineral. 

(b) The mass of the nucleus of a halo of similar or com- 
parable intensity of staining in this same mineral, and from 


* Communicated by the Authors. 
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this an estimate of the quantity of radioactive substances 
which may be concerned in generating the halo. 

It is evident that while we can obtain the numerical values 
involved in (a) with a considerable degree of accuracy, 
certain assumptions enter into the numerical values required 
in (6), which render them uncertain within particular limits. 
Thus, while the dimensions of the nucleus may be determined 
with fair accuracy, and its mineral nature inferred with 
considerable confidence, we have no means, at present, of 
ascertaining the amount of radioactive material it contains. 
This amount can only be stated on the basis of analyses made 
on specimens of the mineral large enough to be subjected to 
examination. Hvidently, however, a probable minor limit to 
the age is obtained by making our assumptions exceed by a 
safe margin any of the ascertained results. 

The following experiments and observations have been 
confined to the brown mica, Haughtonite, of Co. Carlow. 
In this mica, haloes due to the uranium family of elements 
are very beautifully defined, and are found in every stage of 
development ; from the smallest, due to uranium. or lonium, 
to fully darkened haloes completed to the range of RaC. 
The mica is of a rich clear brown colour, with high lustre 
and perfect cleavage. Particulars with reference to this 
mica and of its contained haloes have been given elsewhere *. 

The age of the containing granite is probably late Silurian 
or early Devonian. The evidence for this is found in its 
relations with the surrounding rocks. It has upheaved and 
metamorphosed slates of Silurian age, and fragments of it 
are contained in Old Red Sandstone sediments which rest 
unconformably on the upturned edges of the Silurian slates, 
and overlap directly on to the granite. Its upheaval is 
generally referred to the Caledonian earth-movements f. 

Some of the haloes may have been formed somewhat 
subsequent to the crystallization of the containing mica. This 
is suggested (a) by the fact that some of the crystailized 
nuclei giving rise to the haloes are oriented in the plane of 
cleavage; their greatest dimensions coinciding with that 
plane as if they had been developed zn setw ; and (b) by the 
existence of veins traversing the biotite which evidently 
contain radioactive substances, seeing that they are bordered 
by the characteristic staining, and faithfully reproduce the 

* Phil. Mag. April 1910; Proc. Royal Dublin Soe. xiii. p. 73; ‘ Bed- 
rock,’ Jan: 1913. 

+ Mineralogical and geological particulars respecting the granite are 
given by Sollas (Trans. Royal Irish Academy, xxix., Jan 1891). The 


Geological Survey of Ireland Reports on Co. Dublin and Co. Carlow 
&c., may also be consulted. 
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appearance of a tubular halo*. A photograph of these 
veins is given in ‘ Bedrock’ for January 1913. Such conduits 
of radioactive substances often diverge from heavily-stained 
areas located on the outer margins of the crystal. Haloes 
are sometimes found linearly arranged along the veins, 
showing that they partook of the radioactive substances 
contained in them. It is known that towards the close of 
the period of consolidation of a granitic mass, mother liquors, 
rich in the rarer elements concentrated from the magma, 
make their appearance and penetrate the granite, and often 
the adjacent rocks. The genesis of radioactive ore deposits 
seems in many cases traceable to this phenomenon. It is 
not impossible that the venation of the mica is referable to 
similar developments on a minute scale. This, however, 
cannot have been long subsequent to the period of consolida- 
tion. The haloes may most safely be regarded as of early 
Devonian age. 

The experiments on the number of alpha rays required to 
produce notable staining of the Carlow mica were carried out 
in the Physical Laboratory of the University of Manchester. 
The mica was placed beneath and in contact with a lead 
plate which was perforated with a circular aperture 0°42 cm. 
in diameter. At a distance of 1:5 cm. vertically over the 
centre of the aperture a capillary alpha-ray tube, containing 
25 millicuries of radium emanation to start with, was fixed. 
The whole was placed under a bell-glass in which a partial 
vacuum could be made. The thickness of the walls of the 
alpha-ray tube was equivalent to 1-4 cm. of air at normal 
density. The average range of the three sets of alpha rays 
falling on the mica was deduced as 3°5 cm. of air. This 
would ensure a penetration of about 0°016 mm. in the mica. 
The quantity of emanation used and the duration of the 
exposure enable direct determination of the number of alpha 
rays required to produce a particular effect. 

Two cleavage flakes of the mica were dealt with. To one 
of these flakes three exposures on adjacent areas were given. 
On the second flake two exposures on adjoining areas were 
given. Calling the first three exposures A, B, C, and the 
second D, E, the number of alpha rays in each case was :— 


Spot A received 3:7 10¥ alpha rays per square cm. 


99 B 99 16 99 29 29 9) 
99 C 9? 15 99 39 99 39 
99 D 99 37 99 99 99 93 
9 1D 99 15 9? 99 9 99 


* Rutherford, Phil. Mag. Jan. 1910. 
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The amount of darkening of the mica produced by these 
exposures was sensibly the same for A and D and for C and 
EK. B was slightly darker than C or H. The depth of 
staining was, therefore, very consistently dependent on the 
exposure. In some places the areas overlapped a little, and 
this part of the mica faithfully produced an effect due to 
the added densities of the overlapping spots. 

A subsequent measurement of the thickness of these flakes 
of mica, by focussing with a high power on the upper and 
lower faces of the flakes as they rested on the stage of the 
microscope, showed that the flake containing A, B, and C 
was where thinnest 0°022 mm. thick, and the second flake, 
containing D and E, was where thinnest 0°014 mm. thick. 
The close agreement in the effects of the staining on the two 
flakes shows that the whole of the alpha rays must have been 
absorbed in the second flake as well as in the first. 

The intensity of the darkening of the mica in these 
experiments is such as to best admit of comparison with the 
less developed haloes : those darkened uniformly out to the 
mange of a (070156 mm.), or Rak (00177 mm.), or Ra 
Hmanation (00196 mm.). The darkening is too faint to be 
measured against the more exposed haloes which extend to 
RaA or Ral. These are, indeed, generally almost opaque 
centrally. Observations involving comparison of the halo with 
the experimentally produced staining are, then, necessarily 
restricted to the less exposed haloes, whose radial dimensions 
may be assumed to be 0°016, 0°018, and 0:020 mm. 

From the experiments it may be deduced that the numbers 
of rays falling upon circular areas of these radial dimensions 
which will give the depth of staining of spots A, B, C, 
will be :— 


Radius of halo............ 0016 0-017 0:018 0:020 


Intensity of A ........... 296x106 337x108 370x105 466x105 
6 126.0 ee mot eG) C202 ae 
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The observations on the haloes, designed to afford an 
estimate of their age, must be directed, as already intimated, 
to estimating the rate at which alpha rays are being emitted 
by the nucleus. We have to consider also how the staining 
effects produced by such radially emitted rays may be 
brought into comparison with the parallel rays used in the 
experiment. The cleavage flakes of mica used in the 
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observations to be presently recorded average from 0:016 to 
0:018 mm. in thickness, thicker flakes being too dark for 
convenient observation. The accompanying diagram of a 


Rig. 1, 


ira Cc 


flake 0-017 mm. in thickness, containing a nucleus placed 
centrally in the flake and again near its surface, shows that 
in the case of haloes extending radially 0-016 mm., the total 
ionization is by no means included within the flake. Only 
four out of the eight rays complete their ranges within the 
semi-halo. The maxima of RaC and RaA are wholly 
excluded. In the case of the centrally placed nucleus the 
maxima of Ralim and RaF exert but little effect. These 
excluded rays, however, affect the central area, where their 
velocities are greatest and ionization effects least. It is also 
seen that in cleavage flakes. of this thickness as much as one- 
half the entire effects of the rays may be removed with the 
adjacent cleavage flakes. When the nucleus is at the surface 
the hemisphere only is contained in the flake. Any accurate 
allowance for these deficiencies is impossible, as they vary 
with the position of the nucleus in the flake. There is a 
small set off against them in the fact that the rays which in 
the experiment darken the mica are not wholly included 
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within it. It would seem that a general allowance of 50 per 
cent. would not be too much to make; that is, we may 
consider that only half the rays actually emitted by the 
nucleus are effective in generating that part of the small 
haloes which enters into the observations. 

The measurements on the dimensions of the nuclei of the 
haloes were made in the Iveagh Geological Laboratory of 
Trinity College, Dublin. As it is obviously very necessary 
to secure accuracy in these measurements, care was taken by 
attention to the best conditions of illumination and magnifi- 
cation and by repetition of the readings to guard against 
error. Professor H. H. Dixon, F.R.S., independently 
checked many of the observations. It was found that the 
best definition was obtained with an oil-immersion of Zeiss 
(apochromatic 3 mm. N.A. 1:4), and with a No. 7 of Leitz; 
but the oil-immersion gave the best definition. With careful 
attention to the lighting the definition could be got very 
perfect, and there was no uncertainty whatever as to the 
reliable nature of the measurements, which could be repeated 
again and again with always the same results. The readings 
were effected by two distinct methods: (1) by a micrometer 
eyepiece with travelling line; (2) by the camera lucida 
combined with the following method of measuring the 
diameter of the referred image. Two /ine lines are drawn 
with a drawing-pen in indian-ink on smooth white paper. 
The lines meet at a point and very slowly diverge. The 
separation of the lines was about 3 millimetres at a distance 
of 15 em. from the point of intersection. The camera 
lucida being in position the image is referred in the usual 
manner to the sheet of paper. The latter is now shifted till 
the image of the nucleus appears to fit accurately between 
the lines. While still looking at the object a mark is made 
with a pencil across the lines just where the nucleus is 
referred. This is, say, at a distance d; from the intersection. 
An engraved scale divided to 0°01 mm. is now substituted 
for the mica, and one of the subdivisions brought to fit, as 
before, between the lines, at a distance d, from the inter- 
section. This point is marked. The diameter, 2, of the 
nucleus is then obviously found from the ratio 2 : 0'01 : : d, 
: dy. This method gave very consistent results in successive 
measurements ™. 

In some few cases the diameter of the nucleus is the mean 
of two not very different diameters, the development of the 
nucleus not being such as would permit of the assumption 
that it was of approximately spherical form. In some cases 


* Proce. B.D; Sox p. 441. 
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the nucleus possesses a definite crystalline form, apparently 
dimetric. ‘lwo dimensions are then read: the axial length 
of the prism and its width transversely. 

In comparing the density of the staining of the halo with 
that of the artificially darkened areas, the following procedure 
was found most satisfactory :—T'wo microscopes are placed 
side by side. The halo is observed in one of them, the spot 
in the other. The magnification is alike and the light is 
from the same source. Daylight only could be used. The 
spot covered but half its field, and the adjoining unacted on 
mica was, when necessary, brought to the exact same colour 
and luminosity as the mica around the halo by interposition 
of a tinted solution and manipulation of the substage fittings. 
In the case when the mica containing the halo is the lighter 
in colour these adjustments are applied to it. The depth of 
tint of spot and halo are now compared. These comparisons 
were always repeated without adjustment of the colour and 
luminosity of the field. The former were more consistent 
and more easy to be sure of. Professor H. H. Dixon quite 
independently checked many of these comparisons. In the 
majority of cases the comparison was restricted to determining 
whether the halo should be judged lighter or darker than, or 
the same as, the spots A or C. Generally there could be no 
doubt as to the conclusion arrived at. It will be seen 
presently that the interest of the results principally turns on 
that conclusion. However, an effort was made to evaluate 
the difference in staining of the halo and the spot in a few 
cases. For this purpose a transparent screen for producing 
different graded amounts of light absorption was prepared 
as follows :—A “ Process” plate was exposed in the dark 
room in such a manner that successive strips of it received 
quantities of light in the proportions 1: 2:3:4,&e. This 
was done by uncovering successive strips of it at intervals of 
one second. When developed and fixed, and a slip cut from 
the plate with a diamond, an absorption screen was available 
having successive areas darkened approximately in the 
proportions of the exposures. It was found that spot A was 
almost exactly of the darkness of the 3 second exposure; this 
area bringing the field of the spot into agreement with it. 
From this we may assume that the area receiving 6 seconds 
exposure is of double the density of spot A. 

The mode of using this sercen is evident from what has 
been already said. Colour and luminosity having been 
adjusted as before so that the fields of both spot and halo are 
alike, the screen is slipped in above the spot (or halo) till the 
darkening of these objects is brought into equality. 


a — 
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The nuclei are in most cases possessed of all the optical 
appearances of zircon ; they are transparent, colourless, and 
of high refractive index. An attempt to determine the 
index by use of refracting liquids failed. In the cases tried 
the nuclei were probably buried in the mica. There is no 
doubt that the index is considerably higher than that of the 
mica. Some may be orthite; some, possibly, brookite. 
Many of the nuclei in certain parts of the granite show no 
definite crystalline shape, but are granular in appearance. 
In other places they are all in the form of well-developed 
dimetric crystals placed with iheir long axis parallel with 
the cleavage of the mica. These definite crystals are beyond 
doubt zircons. They seem somewhat less radioactive than 
the irregular nuclei. Again, some nuclei are plate-like 
crystals, rectangular in shape and developed in the plane of 
cleavage. Itis not practicable to ascertain the vclume of 
these as their thickness cannot be measured. Probably their 
mass is often comparable with that of the smallest nuclei. 

It would be very desirable to ascertain directly the radium 
content of these nuclei. An attempt was made by reducing 
a considerable quantity of the mica to a very fine powder, and 
then effecting separations according to density by use of 
heavy liquids, to isolate the zircons. But nothing of a 
minuteness comparable with the nuclei was extracted. Itis 
probable that their removal from the mica is difficult. It is 
not safe to use solvents, for there is evidence that zircons 
may carry their radioactive constituents as a surface accre- 
tion and always as a purely foreign admixture. We could 
not then be sure that a solvent which acted on the mica did 
not also remove the radioactive constituents of the zircon, 
thus falsifying the result in the very direction which is most 
to be avoided. 

It would appear that, for the present, we can only estimate 
the uranium content by analogy with known results obtained 
on large zircons. Strutt * has given results on 14 zircons of 
very different geological ages. ‘he quantity of U3QO, in 
grams per gram of zircon varies from 1°4 x 10~* to 75°3 x 107°. 
‘The highest result is very exceptional, the next highest being 
38x 10-4, and this is from the exceptionally radioactive 
lavas of Vesuvius. After this 13°3x 10-4 is the highest. 
The mean of allis 14x10-*. In other experiments Strutt 
found 865x 10~” gram of radium per gram in zircons 7. 
This involves less than 40x 10-4 gram per gram of U;QOs. 


* Proe. R. S., A, lxxxiii. p. 298. 
+ Proc. R.8., A, lxxviii. p. 150. 
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He also found * 0°34 millionths of one per cent. of radium 
in zircon ; and in another specimen 0°52 millionths of one 
per cent. The latter quantity invalves about 1°5 per cent. 
of uranium. The closely allied, and probably derived, 
mineral cyrtolite was found by Strutt + to contain 3°67 per 
cent. of U;0, and 5:05 per cent. of ThO,. Two analyses of 
eyrtolite are cited by Dana; one showing 1°59, the other 
1:4 per cent of U3Qx. 

J. W. Waters showed that in gneiss of the Inner Hebrides 
and granite of Mourne the radioactivity was concentrated 
mainly in the zircons ; in Cornish granite chiefly in anatase 
or rutile; and in Dalbeattie granite chiefly in orthite. 
Quantitative results are not given {. 

It will be seen that the highest of the above results is that 
for cyrtolite, which rises to 3°67 per cent. of U303. This 
figure does not, presumably, limit the quantity of uranium 
which might be present. But there is no reason to believe 
that radioactive constituents ever constitute a large part of 
zircon. On the contrary, it has been shown by Miigge § and 
by Gockel || that the radioactive matter constitutes an im- 
purity or foreign substance in zircon. 

Uranium is not recorded by Dana as a constituent of 
orthite or brookite. Strutt found in one specimen of 
orthite 0°073 per cent. of U3;03, and in another radium 
equivalent to 3 per cent. of uranium. 

From the foregoing results it would seem safe to assume 
10 per cent. of uranium as an upper limit to the amount now 
contained in the nuclei of the haloes in this mica. 

The periods of time which emerge from the measurements 
to be presently cited are such that the wasting of the uranium 
should be taken into account. We must, accordingly, calcu- 
late back, deriving the mass of Pranehoemed uranium trom the 
number of alpha rays required to form the halo according to 
the observations and the experimental data. The estimated 
existing mass of uranium in the nucleus thus becomes the 
amount remaining after the time ¢; so that if M is the mass 
transformed and W the existing mass, W/(M-+ W) is the 


fraction remaining, or e “, Exponential tables give the 
t 
value of t/L corresponding to e~L, where L is the average 


* Proc. R.S., A; lxxvis p. 312. 

1 Proc. Rasa Ay IXk ving. Ge: 

t Phil. Mae. 1909 and 1910. 

§ Centralbl. f. Min. &c., 1909, p. 148. 
| Chemiker Zeitung, 1909, No. 126. 

q Proc. R.S., A, lxxvi. p. 312. 
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life of uranium. From this ¢isfound. As an example of 
the. gue in which the figures in the ensuing table are 
a nuclear mass of 418 x 10-¥# gram, 

and the uranium present i is taken as 418x107" gram. The 
radius of the halo is 0°G16 mm., and as it is darker than spot 
A we calculate that the number of alpha rays required to 
produce this halo is not less than 2°95 x 108 rays, or 5:9 x 10° 
for the whole halo. Now 8 raysare produced for every atom 
of uranium transformed. Thus the number of uranium 
atoms transformed has been 0°74 x 10°. Taking the mass of 
one atom of hydrogen as 1°6 x 10~*4*, the mass of an atom 
of uranium is 381 x 10-24. The mass transformed is, hence, 
28x10-" gram. The quantity present being assumed as 
418 x 10-, this becomes 0°9373 of the original mass. The 
exponential tables now give the corr esponding: value of ¢t/Las 
0:065, and as L is 72% 10°, the value of ¢ is found to be 
0:47 x 10° years. The age is ‘greater than this as the darken- 
ing of the halo exceeds that of spot A, but in this case no 
attempt was made to evaluate this excess. 

The following table contains the results of 30 measure- 
ments of nuclei. There would have been no difficulty in 
adding to this number almost indefinitely, but it is thought 
that the number given is sufficient. Moreover, considerable 
time and labour are required to complete the careful 
measurement of each halo. In Nos. 24, 25, and 26 the 
nuclei are well developed, apparently dimetric, crystals with 
prismatic and terminal faces. The mass is probably some- 
what exaggerated, as outside dimensions are given. No 
allowance is made for a slight elongation of the derived halo. 
Both these {acts will tend to lower the age. 

The nuclei of Nos. 29 and 30 have been photographed, and 
are reproduced in Plate IX. No. 29 (fig. 1) is magnified 
1450 diameters ; No. 30 (fig 2) is magnified 1400 diameters. 
It is very difficult in such photographs to show at once the 
nucleus and the halo, for the intense conditions of exposure 
and development requisite to bring out the former are quite 
unsuited to reproduce the latter. The nucleus of No. 29 is 
characteristic of the granular type. Near it is a relatively 
large nucleus of well crystallized zircon. It has given rise 
to a less intense halo. ‘The halo, No. 29 (which is developed 
round the small nucleus), is of a rich brown colour and 
certainly darker than spot A. Centrally it is so dark that 
the exposure required to take it has resulted in complete 
over-exposure of the surrounding halo. In calculating the 
volume of this nucleus it is assumed to be ellipsoidal in 


* Rutherford and Geiger, Proc. R. 8., A, Ixxxi. p. 162. 


Diam. of | Mass of | Radius | Comparison of Halo with FMP 8 pe 
No.| nucleus. Zircon. | ot Halo. intensity of spots ar ail ihe U 
em. X 108. |grm. xX 10¥.!em. x 104. A, B, or C. 1078, ; eres 1013. 
1 10 243 18 Dark as C. 3°0 14 
2 38 13481 20 Nearly opaque. 93 43 
3 16 990 16 Darker than A. 59 28 
4 12 418 16 ss Ge a5) 28 
5 33 8800 16°5 5 a 6:4 30 
6 37 12320 16°5 4 5 64 30 
7 20 1980 16 Between A and B. 4-2 20 
8 23 3080 16 Very much darker than A. 59 28 
9 12 418 16 Dark as B. 26 12 
10 14 660 16 Darker than A. 59 28 
iD Dill 2420 16 Much darker than A. 59 28 
12 22 2640 16 Darker than A. 5°9 28 
13 26 4400 16 Very much darker than A. 59 ms) 
14 13 506 16 Dark as A. 59 28 
15 ai 6600 16 Very much darker than A. 59 28 
16 17 1210 16 Darker than A. 59 28 
iy 25 3740 16 Very much darker than A. 5°9 28 
18 165 192 16 Dark as A. 5°9 28 
1) 27 4840 18 OM ap TA4 35 
20 27 4840 ei Maw 68 32 
21 24 3388 17 Darkness= A x 2. 136 64 
22 26 4400 17 Darkness= A X7/8. 158 75 
23 23 3080 17 ” 9 15'8 75 
24 |57x18x18} 8580 ili Dark as A. 68 32 
25 |48X 32x32} 22000 17 Darkness=A X 2. 136 64 
26 40x 22x22} 9020 17 Dark as A. 68 32 
y 12°5 462 17 Dark as OC. 2°7 18 
28 21 2420 18 Dark as A. 74 35 
29 RY) 5984 16 Darker than A. 59 284 
30 I2iscziseZ i 5720 19 Darkness about AX 2. 16°5 78 
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shape, and the mean diameter is taken as that of the equi- 
valent sphere. In No. 30 the nucleus is rectangular in out- 
line and is some distanee down in the mica. Itis apparently 
a flat, rectangular crystal ; but its volume has been calculated 
on the assumption that it is cubical. It was easier to photo- 
graph this halo owing to the fact that the cleavage flake in 
which it is contained is so thin as only to be of a pale straw- 
yellow. Notwithstanding its thinness the halo is not less 
than twice as dark as spot A. 


No. of Mass of 


It must be borne in mind that the higher values of the 
age are those of most significance. Low values of course are 
deduced whenever the mass of the nucleus is large and the 
surrounding halo faint. Although the darkness of the halo 
generally varies with the size of the nucleus, there is no 
definite proportion of uranium in the zircon or other minerals 
forming nuclei, and cases of apparent low age are plentiful. 
They are explained if we suppose that in these cases our 


Age, ] 


years. | 


400 x 1 
= 90 
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assumption as to their uranium content is excessive. What 
is significant is the fact that in many cases we can find 
nuclei so small surrounded by well darkened haloes. 

In many examples given in the table the age must exceed 
that which is given in the last column. This is so because 
only in some of the last observations, and in those in which 
the halo happened to match closely the staining of one of the 
spots, is there any numerical evaluation of the relative dark- 
ness of spot and halo. The results are numbered in the order 
in which they were obtained. The highest of the measure- 
ments point to an age not less than four hundred millions 
of years as the time required to generate these haloes : in 
other words, as the age of the early Devonian. The treat- 
ment of the subject throughout this paper has been such as 
to render this a minor limit. 

Sources of error must now be inquired into :— 

(a) The nuclei are the complete nuclei. The possibility 
that the nuclei measured were detached fragments of larger 
nuclei, the greater part being cleaved off in opening the 
mica, was investigated by comparing the contiguous faces of 
cleaved flakes and making sure that the part of the halo- 
sphere removed contained nothing that could be regarded as 
part of the nucleus, or that could suggest the loss of any part 
of it. Nota single case of a divided nucleus was met with. 
The fact is the cleavage of zircon is very imperfect, and even 
if it lay just at the surface of cleavage it would almost 
certainly remain bodily in the one flake or the other ; or, 
possibly, drop out. Again, many of the observed nuclei 
were demonstrably beneath the surface of the flake. This 
was rendered quite certain by observations on thick cleavage 
flakes, using a very strong light. 

(6) The crystallographic direction in which a part of the 
rays traverses the mica in the case of the halo, is not the same 
as that in which the rays move in the mica when generating 
the experimental darkening. The fact, however, that in 
sections of haloes there is uniform darkening in all crystallo- 
eraphic directions, negatives the idea that error can arise 
from this source. 

(c) Nothing is known of any mode by which the mere 
passage of time can intensify a halo or increase the effects of 
the original ionization. In the case of light-sensitive salts 
the ionization set up by exposure appears to weaken by the 
passage of time. No intensification of the latent image is 
known. A recombination of the products of dissociation and 
weakening of the halo with time would rather be expected. 
The halo is probably very stable. 
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(d) The rate of formation of the experimental staining is 
very fast compared with the rate of formation of the halo. 
It does not seem likely that any significance isto beascribed | 
to this fact. For the distribution of the alpha rays projected 
into the mica in the experiment is actually a very sparse one. 
Molecularly speaking they are finally separated by very 
great distances ; so that the molecular groups, in which the 
entering rays expend their energy, remain generally isolated 
and undisturbed by succeeding rays. The interval of time 
between succeeding rays would not, therefore, appear to 
matter, and the resulting staining would be the same for each 
ray. 

(e) Exposure to light does not appear to affect, one way 
or the other, the staining produced in this mica by the alpha 
ray. An experiment in which spots D and EH were half 
covered by lead foil and then exposed in bright sunlight, 
concentrated by a Jens, for several hours, revealed no effect 
whatever. Strong heating obliterates haloes. In the experi- 
ment strong heating was avoided. 

(7) Thorium is absent from these nuclei. No thorium 
haloes have been found in this mica. 

Comparing the value indicated for the age of the Devonian 
by the foregoing results with estimates arising from the 
measurement of accumulated radioactive débris. it will be 
seen that the halo indicates a somewhat excessive age. The. 
helium ratio gave Rutherford * 241 millions of years for a 
specimen of fergusonite, probably from ancient rocks. 
Strutt, by the same method, arrived at 150 millions of years 
as the age of the Carboniferous Limestone and 710 millions 
as the age of the Archzan +t. Boltwood’s results with the 
lead ratio ranged from 246 to 1640 millions of years; the 
higher being referable, probably, to Archzean rocks f. 
Becker, dealing with Pre-Cambrian minerals of the Llano 
Group, found, by the lead ratio, from 1671 to 11,470 millions 
of years; regarding his figures as a “ reductio ad absurdum ”’§. 
Boltwood criticised these results, questioning the reliability 
of the material dealt with. Becker urged in reply that there 
was no evidence of any effect on the lead ratio arising from 
incipient alteration of the material. A. Holmes || investigated 
the age of a Devonian syenite by the lead ratio, and found 
this to be 370 millions of years ; he rejects, however, results 
showing a greater age, on the ground that original lead was 
probably present in sufficient quantity to falsity the result. 

* Phil. Mag., Oct. 1906, p. 368. 
+ Proc. R.S., 1908-1910. t+ Am. J. of Sc., 1907. 


§ Bull. Geol. Soc. Am., 1908, 
|| Proc. R.8., June 1911. 
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The results founded on the accumulation of radio-active 
débris are open to the objection that addition or subtraction 
_ of the measured substances may have occurred over the long 

period of time involved. The results obtained from the 
halo are less likely to be affected by this source of error. It 
is of interest to find, therefore, that the results obtained from 
it are not very discordant with some of the higher results 
obtained by the lead ratio. There may be significance in 
this rough agreement, or errors of a nature as yet unknown 
may affect both determinations. Weare not in a position to 
say. But it is certain that if the higher values of Geological 
Time so found are reliable, the discrepancy with estimates of 
the age of the ocean, based on the now well-ascertained facts 
of solvent denudation, raises difficulties which at present seem 
inexplicable Discussion of hypotheses whereby the relia- 
bility of the one method or the other may be called in 
question is not within the scope of this paper. 


LXIV. On the Production of Fluorescent Réntgen Radiation. 
To the Editors of the ‘Philosophical Magazine.’ 
GENTLEMEN,— 2 

N the current number of this magazine Mr. J. Crosby 

Chapman attacks an hypothesis of mine that an inter- 
mediary cathode ray conveys the energy from the primary 
X-ray to the homogeneous secondary ray. 

Mr. Chapman finds by experiment that the cathode rays 
which emerge from a gold foil under the influence of Sn 
X-rays lose 52 per cent. of their energy in passing through 
a second gold leaf, the energy being measured by their power 
of ionizing air. With this I agree; in fact I have done the 
experiment myself. He thence concludes that the cathode 
rays excited in a gold foil by hard primary X-rays ought to 
emerge from the foil—or a certain fraction of them should 
emerge—carrying a large percentage of the original power 
possessed by those cathode rays of exciting homogeneous 
secondary rays in gold. Clearly the conclusion does not 
immediately follow. It seems to me that arguments of this 
kind are always liable to one defect at least, viz., that the 
absorption coefficient is taken as a definition of the quality 
of the radiation. Perhaps homogeneous X-rays are suff- 
ciently defined by an absorption coefficient, but certainly the 
same cannot be said of primary X-rays or of cathode rays. 

When, therefore, Mr. Chapman concludes finally that 
homogeneous or fluorescent radiation cannot be to the 


Phil. Mag. S. 6. Vol. 25. No. 148. April 1913. 2 Y 
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smallest extent an effect of @-ray activity, his argument is— 
so it seems to me—inconclusive. It is to be remembered, 
also, that Beatty has shown that homoveneous radiations are 
produced by cathode rays of sufficient individual energy. 

Mr. Porter and I have been trying for some time to solve 
this problem, using homogeneous, not heterogeneous, X-rays. 
The method is more difficult because the radiation employed 
is much weaker, but I believe it is by no means impossible 
to follow it to the end. At any rate, we have made some 
progress. We had not intended to publish any of our results 
until they were more fully advanced; yet, in view of 
Mr. Chapman’s letter, it seems better to do so, with the re- 
servation that we do not ourselves consider them as final. 

If cathode rays do intervene between the exciting X-rays 
and the homogeneous excited rays, the effect should be more 
obvious in cases where it is known that the energy of the 
excited rays forms a reasonable fraction of the energy of the 
exciting X-rays. These occur when the exciting rays are 
homogeneous X-rays emitted by atoms of somewhat greater 
weight than those in which the rays are to be excited. Tor 
that reason Mr. Porter and I have been investigating the 
action of Mo X-rays on ethyl bromide, sulphur dioxide, and 
air, comparing these results with the action of Se X-rays on 
the same gases. It will be observed that Mo and Se lie on 
either side of Br as regards atomic weight. Mo X-rays can 
excite Br X-rays, but Se X-rays cannot. If there is truth 
in the hypothesis of the intermediary cathode ray, three 
results may be expected and looked for :— 


(1) The cathode ray produced by the Mo X-ray should 
show some deficiency in penetrating power in ethyl 
bromide, since it is spending energy in a special 
fashion. 

(2) The same cathode ray should be deficient in ionizing 
power in ethyl bromide, since it is spending energy 
in other ways. In the same way there is a sharp 
contrast between the action of Mo X-rays and Se 
X-rays on ethyl bromide and SO. The former rays 
produce even a little less ionization in ethyl bromide 
than in sulphur dioxide, while Se rays produce far 
more. Itis apparently easier to ionize ethyl bromide 
than sulphur dioxide, and the defective action of the 
Mo X-rays is to be ascribed to their being spent 
somewhat in producing Br X-rays. 

(3) The most direct result, but the most difficult to 
measure, should, of course, be the production of 
secondary Br X-rays by Mo cathode rays. 
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So far we have verified the first two of these results, as far 
as we are at present able to interpret our work. We found 
the absorption coefficients of the cathode rays produced in 
gold by Se X-rays to be in air at atmospheric pressure 
26:2 cm.~}, and in ethyl bromide of equal density 24°5. The 
absorption coefficients of the Mo X-rays were 16°3 in air and 
29-2 in the ethyl bromide. It may seem paradoxical that the 
faster Mo cathode rays should actually have a higher ab- 
sorption coefficient in ethyl bromide than the slower Se 
cathode rays; but, again, it is to be remembered that ab- 
sorption coefficients represent an average of conditions. 

We have also found a deficiency in the ionizing power of 
the Mo X-rays acting on ethyl bromide. But we are not 
satisfied with measurements which depend on cathede-ray 
streams of somewhat doubtful composition, and are about to 
use cathode rays of known speed. I may add that we are 
also substituting another metal for the gold leaves, because 
it seems very probable from Mr. Chapman's proof of the 
identity of the homogeneous radiations from Au and Br that 
we have been prejudicing our own case. 

These results indicate that Lenard’s rule, viz., that the 
penetration of cathode rays depends only on the density of 
the matter penetrated is not universal, which, after all, might 
be expected. When Mr. Chapman says that there is no ex- 
perimental evidence whatever of its violation in any case, he 
cannot have noticed a reference to these results in an address 
which I gave at Dundee last September. 

As I have said above, we hope to carry out all three of the 
tests I have mentioned. W. H. Brage. 


LXV. Proceedings of Learned Societies. 
GEOLOGICAL SOCIETY. 
[Continued from p. 200.] 


November 20th, 1912.—Dr. Aubrey Strahan, F.R.S., President, 
in the Chair. 


HE following communications were read :— 
1. ‘On the Hafslo Lake and the Solvorn Valley (Norway).’ 
By Horace Woollaston Monckton, Treas.L.S., F.G.S. 


The district dealt with lies north of the main Sogne Fjord and 
west of the Lyster Fjord. Attention is drawn to a series of valleys 
running from the area of the Jostedal snowfield and cutting the belt 
of Silurian rocks which crosses the district in a north-easterly and 
south-westerly direction, and to a second series of valleys which run 
parallel to the snowfield and to the Silurian belt. The author 
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traces the valley of the Vejtestrands Lake, which belongs to the first 
of the above series, until it reaches the Hafslo Lake, which lies at 
a point where the valleys of the two series intersect. The present 
line of drainage follows a valley of the second series from the lake 
to the fjord, but a disused outlet from the lake to the fjord is 
described belonging to the first series. The author, while thinking 
that the disused outlet is probably the older of the two, gives 
reasons for believing that both outlets were in use perhaps 
simultaneously during the latter part of the Glacial Period, when 
a glacier filled and overflowed the basin of the Hafslo Lake. 

The author describes some giants’ kettles and other examples of 
erosion by water, which for various reasons he believes to date 
from a time when the glacier extended to the places where they 
are now found, and it is suggested that they were the work of a 
river flowing under the ice or between the ice and the rock. 


2. ‘On the Genus Aulophyllum.’ By Stanley Smith, B.A., M.Sc., 
F.G.S., Clare College, Cambridge. 


LXVI. Intelligence and Miscellaneous Articles. 


ON THE CURRENT POTENTIAL CURVES OF THE 
OSCILLATING SPARK. 


To the Editors of the Philosophical Magazine. 


GENTLEMEN,— 


M. Roscuansky has kindly drawn my attention to a nume- 
rical error which I have made on p. 719 in the above paper 
(Phil. Mag., Nov. 19]2) in estimating the maximum current 
density which completely ionized air is capable of carrying with 
the field which exists in the spark. The field in the spark is there 
wrongly quoted as 10°5 volts per cm., whereas it should be 
10:5 volts per mm. (Roschansky, Ann.d. Phys. xxxvi. p. 290, 1911). 
The corrected estimate for the maximum current density is 


C=600,000 amp./sq. cm., 


instead of the 63,000 there stated. I may add that the argument 
of the paragraph is not affected, as it is concerned with the order 
of magnitude only of the quantity, the calculation being of 
necessity only a rough one. 

T also find that the conclusion of M. Roschansky, that at high 
frequencies the spark tends to behave like a pure resistance, which 
was referred to on p. 713 as being in disagreement with my 
observations, has been to some extent withdrawn in bis later 

aper (J. ¢. p. 805). 
Ee eae Yours taithfully, 
The University of Sheffield, S. R. Minyer. 
17th Feb., 1913. 
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SATELLITES OF Mercury LINEs. 
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Fie, 7. 
Lithium Sulphate. 


Fra, 9. 
Distilled Water. 
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LXVIL. The Dispersion of Metals. ByLyxpe P. Warnunn, 
Assist. Prof. of Physics, Sheffield Scientifie School of Vale 
University *. < 

\HE increase in our experimental knowledge of the dis- 
persion of metals which has occurred in ‘the past ten 

years, invites a more complete discussion than it thus far 
seems to have called forth of those relations between the 
optical and other physical constants of metals which theory 
demands. ‘The most detailed investigation of these relations 
which has been made up to the present time appears to be 
that of Nicholson ft. In his paper he uses the equations of 
the theory to calculate (in the manner first pointed out by 
Schuster) the ratio of the number of free electrons to the 
number of molecules in unit volume, and also to the caleu= 
lation of the value of the so-called dielectric constants of the 
metals. He discusses, however, only the classical measure- 
ments of Drude, and hence the consideration of dispersion 
was practically excluded. In fact, nowhere, to the author’s 
knowledge, has there appeared an Bones discussion of the 
more modern measurements of Minor {, Bernoulli §, Tool |), 

Ingersoll J, and Tate **, in the light of the demands of the 

electron theory. 

* Communicated by the Author. 

y Nicholson, Phil. Mag. [6] xxi. p. 245 (1911). 
~ Minor, Ann. d. Phys. x. p. 581 (1903). 

§ Bernoulli, Ann. d. Phys. xxix. i 58d (1909). 
| Tool, Phys. Rev. xxx1. p. 1 (1910 


q Ingersoll, ‘Astroph. Journ. xxxii, ; p- 266 (191C), 
ex Tate, Phys. Rey. xxxiii. p. 321 1919). 


Phil. Mag. 8, 6. Vol. 25. No. 149. Afay 1913, 22 
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As a result of the work of these investigators, we possess 
measures of the optical constants at wave-lengths extending 
in the cases of silver, copper, cobalt, and steel from about 
"23u to 2°25; in the case of nickel from 0°42y to 2°25p ; 
and for gold from 0°4y to 0:7. ‘The values of the indices of 
refraction (n) and of the coefficients of absorption (n«) 
obtained by these observers for the metals named (with the 
exception of steel), are brought together in the second and 
third columns of Tables I.-V., and are shown graphically in 
the two lower curves of the corresponding figs. 1-5. The 
observations at all of the wave-lengths at which measure- 
ments were made are not included, but none are omitted 
except where the trend of the curves is so uniform that many 
points are unnecessary. The data for steel are omitted 
because the chemical and physical complexity of this 
material is such as to render all the physical constants 
required for a comparison with theory so uncertain as to 
make such a study fruitless. 

A study of these tables or curves reveals two salient facts 
with regard to the precision of the measurements. First, 
that the results of different observers at the same wave- 
lengths differ in general by an amount considerably in 
excess of the errors inherent in the methods of measureinent 
employed; and, second, that in an equally general manner 
the different observers are in very close agreement as to the 
amount and trend of the dispersion. Thus it will be observed 
that for those regions of the spectrum where the results of 
the ditferent observers overlap, the curves for both n and n« 
are in general parallel though not coincident ; and also that 
the departures from parallelism are in the main much less 
than the discrepancies in the absolute values. In copper 
alone is there any real disagreement as to the trend of the 
dispersion. Here the measures of Tool and Tate would 
locate the minimum in the curve for n further up in the 
spectrum than do those of Ingersoll *. 

The discrepancies in the values obtained at any given 
wave-length are to be attributed to differences in the state 
of the reflecting surface. These arise from small differences 
in the method or duration of polishing, or possibly (as is 
suggested by the work of Lummer and Sorgef on glass) 
they may arise from different states of strain existing in the 

* Bernoulli's values for nickel also form an exception to the general 
parallelism of the dispersion curves. ‘T’oo much stress cannot be laid on 
his measures, however, as his experimental method seems open to 
objection.. See Voigt, Ann. d. Phys. xxix. p. 956 (1909). 

{+ Lummer and Sorge, Ann. d. Phys, xxxi. p. 825 (1910). 
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surface of different samples of the same material. There 
seems tu be, at least tacitly, a general opinion that since 
Drude’s specification of the “normal” condition for a 
reflecting surlace, it only requires sufficieut care in the 
preparation of a metallic mirror in order to get consistent 
results ; and that, consequently, our knowledge of the optical 
constants is nearly as precise as that of the methods of 
measurement used. It is safe to say, however, that no one 
who has had much experience in this line of work has held 
such an opinion for long. In fact, experience teaches that 
it is well nigh impossible ta exactly reproduce (even by the 
same observer) the same condition of the reflecting surface 
in different samples of the identical material, or even in the 
same sample at different times. Thus we cannot regard the 
experimental values of the optical constants of metals as 
anything but rather rough approximations to the specific 
values characteristic of the substances. Hence any theo- 
retical relation dependent for its. numerical evaluation on 
the absolute values of the optical constants is incapable of 
yielding dependable results. 

On the other hand, since, as has been pointed out above, 
the data at our command as to the relative values of the 
optical constants at different wave-lengths are in general of 
a higher order of precision, it would seem that a comparison 
of these results with the dispersion formule yielded by the 

electron theory should yield results of some value, To make 
such a comparison is the object of this paper, 

It may be mentioned in passing, that it would seem to be 
possible to obtain accurate absolute values really repre- 
senting specific properties of the substance in the case of 
mercury ; for the author has shown that in the case of this 
metal it is possible to reproduce exactly * surface conditions 
entirely free from all films of impurity. The possibility of 
different states of surface strain at different times would also 
of course be eliminated. Work on the dispersion of mereury 
is now under way in order to cbtain with this more promising 
material, data which will enable us to make a more satis- 
factory comparison with theory than is possible with other 
substances. 

With regard to the properties of the metals revealed by 
the data under discussion, it will be observed that all five of 
the substances show in general a decrease of the absorption 
coefficient (increase in transparency) with increasing fre- 
quency of the incident light. In the cases of silver and gold 

* Wheeler, Phil) Mac. xxi. p. 229; also Am. Jour. Sci. xxxii. p. €5 


(1911). 
a ap 
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and, with less certainty, copper, there is a minimum in the 
curve followed by a feeble maximum further up in the 
spectrum. Thus, for silver there is a distinct ‘ transmis- 
sion” band in the ultra-violet with its centre at about 
0:316u; for gold, a less distinct one in the visible spectrum 
central at about 0°480u; while for copper there are appar- 
ently two minima of absorption, one in the ultra-violet at 
about 0:34, and the other in the visible spectrum at about 
0°55. In the cases of nickel and cobalt, the minima in the 
absorption curves (if they exist) have not been reached 
within the limits of the spectrum over which these observa- 
tions extend; both of these metals show a more or less 
steady decrease in nx throughout the whole range, though 
in the case of cobalt a minimum seems to be indicated not 
far beyond the range of the observations in the ultra-violet. 
It is to be noted, further, that the reflexion coefficient (not 
shown in tables or figures) shows a minimum value at the 
same points in the spectrum as does nx. 

The indices of refraction also show marked minima in the 
cases of the three better conductors. That for silver occurs 
at 0°395w; that for copper at about 0°62 (Ingersoll’s 
results would place it beyond 0:7); and that for gold is 
apparently located just beyond the longest wave-length for 
which we have measurements (0°74). For nickel and cobalt 
there are no such marked minima ; the curves show an index 
decreasing tolerably uniformly with increasing frequency 
throughout the range over which the experiments extend. 
A minimum in the case of cobalt seems imminent, however, 
just beyond that range. For a large range of the spectrum 
the numerical value of the index is, in the case of the three 
better conductors, less than unity ; while for the other two 
it. is approaching such a value in the ultra-violet. The fact 
that the index of refraction is Jess than unity for silver and 
gold and copper in the visible spectrum has been verified, it 
may be remarked, by the direct measurement of the deviation 
produced by prisms of very acute angle. 

The theoretical relations which it is proposed to discuss 
are those yielded by the well-known equation of condition 
for the propagation of waves in a medium possessing both 
conductivity and a dielectric constant, 


r 


View = ce + Aro BK, 


where E is the electric force, o the conductivity, K the 
dielectric: constant, C the velocity of light (which enters 
owing to the use of electromagnetic units), and V°V_ is 
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the Taplacian operator. A wave-train advancing in the 
« direction with a velocity V may be specified by 

My = Mae = -t), 
where p is the frequency andi=,/—1. With the aid of 
this, the equation of condition becomes 
W? Aro 
V2 =K-+3; “D : 


Since the real part of the ratio C/V is by definition the 
index of refraction (n), we set C/V=n(1+ix) *, and hence 
we have 


2 
n(L—iP + Bie) =K pi Eo tamer ee a) 


The significance of n« hecomes evident on substituting the 
value of V in the equation of the wave-train, which then 
becomes ) 


Hence nx is seen to be of the nature of an extinction or 
absorption coefficient. 

Now in equation (1) it is to be observed that the values of 
iX and o contemplated are those operative for currents of 
the frequency of those set up by the incident wave-train. 
If we use the (constant) values for them given by experi- 
ments with steady currents, the equation yields, on equating 
the imaginary and real terms of each side, 


9 NY 
MEET id n(1—«) =K, 


nk = 


relations, which as has been many times pointed out, are far 
from being experimentally confirmed. And in view of the 
enormous frequency of the currents which accompany light- 
waves, it is not surprising that such discrepancies should 
present themselves. If, however, K and o can be expressed 
as functions of the frequency, then equation (1) will yield 
dispersion formule with which the results of experiment can 
be compared. Such expressions for K and o have been 
obtained by several investigators, proceeding from the 
general hypotheses of the electron theory. The formule 
thus obtained for K involve, however, too many undetermined 
constants to allow of a satisfactory evaluation with the ex- 
perimental data at our command. Hence it seems best for 


* Drude’s notation. 
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the present purpose to leave K indeterminate in the equa- 
tions. The expressions which have been obtained for o, on 
the other hand, contain but one undetermined constant, and 
consequently can be profitably used. 

The development of o in terms of the frequency of the 
current is best accomplished by the method due to Lorentz, 
Jeans, and H. A. Wilson. It seems preterable to that of 
Drude, in that the frictional term in the equation of motion 
of the free electrons in the latter’s method receives a more 
probable physical interpretation in the more recent method. 
In this method the equation of motion of the electrons is 
obtained from a consideration of the loss of momentum (in 
the. direction of the acting electric force) sustained by a 
group of electrons having velocities lying between v and 
vt+dv. If we assume that the electric force is given by 
E=K,e-”', and that the Jaw of the distribution of the 
velocities among the groups is that of Maxwell, we obtain 
from a consideration of the rate of production of heat per 


unit volume, 
i (r+in/A)e-war 
o=2q0 e > eT 
v5 (1+ ) 


where g is three-halves of the square of the average elec- 
tronic velocity, o) is the electrical conductivity for steady 
currents, and 


Tp Mn oy 


a= 4AN2e ? Fy 8 Chee ime). ° . (3) 


with e the charge, m the mass, and N the number of electrons 
per unit volume. 

If we now expand (a/qv?+1)7! in series and integrate 
term by term, we get 


DRG wiih toe ) i» Jol. de dele 
o=0y| -(1— = ee sae TON m1 1 Gay ie 
or, 
Vie ey bagfiis (2n~1)(2n—3)...... =| 
oo] Br +5 ao (2a)! - (4) 


These integrations were first performed by Nicholsont. Iam 


* HI. A. Wilson, Phil. Mag. [6] xx. p. 835 (1910). Wilson there 


assumes the electric force to be given by E= Ep cos pé, and hence his 


value for « lacks the imaginary term of the above. 
t+ Nicholson, Joc. cit. 


ee 


ee 
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unable, however, to confirm his values for the numerical 
coefiicients in the expansions, but find them as given above. 

If we had made use of the average velocity of the electrons 
instead of assuming the Maxwellian distribution, we should 
have been led to the expression 


.pPmay 
147 Ne 
Ne 
pa, 


{ gee 
ny IN esta 


the real part of which is the formula given by Schuster and 
Jeans. It is included here for the sake of a comparison of 
the results of the two hypotheses as to the electronic 
velocities. 

If now we write 8, and 8, for the two series in equation (4) 
and substitute the value of o in equation (1), we obtain, on 
separating the real and imaginary parts, 


» __ 8C2NPet 


WK 


C=d9 


SAO ae ee 


pmo 
and 
a fl AnC?Ne? : 
n?(1—x?) = K— “gas? . . - ~ (6) 


in which, in the first terms of each series the vaiue of @ is 
quoted from equation (3). Equation (6) differs from that 
given by Nicholson (loc. cit.) in that the second term on the 
right-hand side is 7 timesas great *. Iam unable, however, 
to find any error in the formula as given above. 

The hypothesis of equal velocities for the electrons yields 
on similar treatment, 
ay rae 7 ire 


Pp ne, An 


1 


and 
2N 2 =1 
n(1 ~¢)=K ~ e( co Tees 

pom AK 

Thus, neglecting the correction terms, the values of n7« 
are, on this hypothesis, 7/4 times as great as those given by 
the assumption of the Maxwellian distribution, while to the 
same approximation the values of n?(1—x’) are the same on 
both hypotheses. Now Nicholson, owing to the absence of 
the factor 7 in equation (6), of course finds that the value of 
K-+n?(«?—1) on the equal velocity hypothesis is 7 times as 


* In addition there are minor differences in the values of the numerical 
coefficients in S, and S,.  - : 
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great as on the other. He then uses the values of K yielded 
by the two formule to discriminate between the two hypo- 
theses. This argument, if the formule as given above are 
correct, 1s illusory. Further, since the value of N is not 
independently known, it is impossible to discriminate between 
the two hypotheses by means of the difference between the 
two results for n’«. The equations resulting from the 
assumption of the Maxwellian distribution have been adopted 
for the computations of this paper, because that assumption 
seems on the whole to the present author to have more 
inherent probability. 

In using equations (3), (5), and (6) for numerical evalda- 
tions it is convenient to use, following Schuster, the ratio of 


the number of free electrons to the number of molecules per. 


unit volume in place of N. Calling this ratio r, we have 
N=r/M7, where M is the mass of the hydrogen atom and +t 
the relative atomic volume. If, to simplify further, we 
gather together those constants which are the same for all 
metals, writing a=e*/a?m?M?C?, and use the wave-length 
wn vacuo (r), in place of p, then equations (3), (0), and (6) 
become 

Ont : aCr?yn?3 
G97? | ag 


K4n%(e2—D= 


in which form the equations have been used in this paper 
for purposes of calculation. Itis to be remarked that the 
series 8, and S, are semiconvergent. That the use of only 
three terms in either series yields, however, a more than 
ample accuracy for the purposes in hand, is easily seen. 
For the ratio of the absolute values of the (n+1)st to the 
nth terms is in §,, (n+1)/a, and in &, (2n+1)/2a. Hence 
S, does not begin to diverge until the number of terms is 
equal to (2—1)and 8, until the number of terms is (2a—1)/2. 
Thus the best approximation attainable in the use of the 
series will be, in the case of 8; when (a—2) terms, and in 
the case of S, when (2e--3)/2 terms are employed: the 
approximation being better the larger the value of a. Now 
the values of a* for the five metals and the range of the 

* These are calculated as follows :—a first approximation for » is 
obtained from equation (8) with 8,=1; then with this value of 7 the 
first approximation for a is calculated by equation (7); then with this 


value of a, S, and a second approximation for 7 are computed, and 
thence the second approximation for «. The process 1s then repeated as 


often as may be necessary: three approximations being the greatest- 


nuinber required for any of the metals discussed in this paper. 


ee 
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spectrum considered, vary between 12 and 2020. Taking 
the smallest value of a which occurs, we find by using ten 
terms that S;=0°865 and 8,=0°895 ; while by using three 
terms, 8,=0°875 and 8,=0:901. Thus the error committed 
in using only three terms is, in this the most unfavourable 
ease, but 12 per cent. in the case of 8,, and 0°6 per cent. in 
the ease of Sg. 

We proceed now to the discussion of these equations in 
the light of the experimental data which we have reviewed. 
In the first place, we observe that equation (8) gives directly 
the theoretical dispersion of the product of the two optical 
constants. If we assume that 7 is constant (as seems to be 
at least tacitly the general impression), the equation ex- 
presses a law of great simplicity, namely, that the product 
of the index of refraction and the coefficient of absorption is 
proportional to the cube of the wave-length of the incident 
radiation. On account of the variation of « and therefore of 
S, with the wave-length, this statement is only an approxi- 
mate one; but that it very nearly expresses the facts for the 
five metals under discussion is evident from the circumstance 
that the maximum variation in 8, found is only about 10 per 
cent. Now that this law is not even remotely fulfilled by 
the data at hand will appear on inspection of the fifth 
column in the tables, where the values of n?«/X? as computed 
from the data of the second, third, and fourth columns are 
given. Hence we are forced to conclude that r is nota 
constant, but is a function of the frequency. That is, the 
number ot electrons taking part in the conduction current 
depends on the frequency of the radiation which sets up that 
current. 

If, then, we regard equation (8) as determining 7, we have 
that r varies as 1/n?«/n3, the constant of proportionality 
differing for each substance. The numerical values of 1, 
calculated in this way, are given in the sixth column of the 
tables, and are shown in the figures by the full lines in the 
upper halves. Owing to the fact already pointed out, that 
the only result of such calculations on which much quanti- 
tative dependence can be placed is with respect to relative 
values, the absolute values of + have been computed for only 
one observer’s results in the regions of overlapping, except 
where there is marked discrepancy in the dispersion. 

An inspection of these curves shows in the first place that 
the numerical values of r are, at the longest observed wave- 
length, of the order of magnitude unity or rapidly approach- 
ing such a value. What the value of the ratio would become 
at infinite wave-length cannot be deduced from the equation, 
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because S, becomes absolutely divergent at very long wave- 
lengths, and because the value of n« for zero frequency is 
unknown. In the second place, it is to be observed that for 
each metal 7 increases in value uniformly and in a practi- 
cally linear manner throughout that portion of the spectrum 
in which the absorption coefficient has a value in excess of 
about 4. The point where this approximately linear relation 
ceases to hold lies in each case either in the red end of the 
visible spectrum, or else not far back in the infra-red. And 
in the third place, it is to be noted that the rate of increase 
of r becomes much greater in the regions of greater trans- 
parency (smaller n«); and that the value of v does not fall 
off again after passing through a transmission band, though 
at the shortest wave-lengths observed there is an apparent 
decrease in ils rate of growth*. The magnitude of the 
ratio at its maximum is, for silver about 16, for copper 
about 12, for gold 7 to 8, for nickel 2 to 3, and for cobalt 
4 to 5. 

The fact that this equation of the electron theory leads to 
the conclusion that the number of free electrons in a metal 
varies with the frequency of the current, does not seem to 
have been noticed before. The circumstance indicated, that 
r increases with decreasing absorption, becoming in general 
largest when the absorption is least, does not seem to carry 
with it any immediately obvious suggestion for an elucida- 
tion of the mechanism of the phenomenon. A possible 
physical explanation may lie in the dual nature generally 
ascribed to the absorption of light by metals, the first cause 
being the taking up of the incident energy hy the free 
electrons, and the second the expenditure of the incident 
energy in forcing vibrations in the relatively fixed ions. 
The absorption due to the second cause must be supposed to 
vary with the wave-length in such a way as to be relatively 
much greater in the neighbourhood of those wave-lengths 
corresponding to the natural free periods of the ions. In 
other words, the ions should produce a “band” type of 
absorption, the breadth of the bands being proportioned 
to the range of frequencies to which they are capable of 
responding. On the other hand, the electrons being free 
and of small mass should take up energy (if at all) from a 
much wider range of frequencies, and hence cause a more 


* In the case of cobalt, after an increase of 7» with decreasing nx 
similar to that taking place with the other metals, there is a subsequent 
falling off in 7, while zx is also rapidly decreasing. Too much emphasis 
should not be placed on such an anomaly, however, in yiew of the 
uncertainties of the data. 
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continuous absorption throughout the spectrum. That the 
character of the absorption of metals is, for the longer wave- 
Jengths at least, of this second type is obvious from an 
inspection of the curves shown in the several figures. 
Moreover, as the presence of free electrons is theoretically 
the distinguishing characteristic of metals in this connexion, 
itis a natural inference that the major part of the absorption 
of light by metals is due in general to the electrons. 

If this is so, then it would be possible to imagine the total 
absorption due to the two causes to decrease, while that due 
to the second was increasing ; and even that there should be 
a minimum of the total absorption coincident with or nearly 
coincident with a maximum of the ionic absorption. Then, 
if in such a resonance region the disturbance within the ions 
is great enough to set free some electrons, the increase in 7 
would be accounted for. Further, these same considerations 
would indicate that as the part due to the electrons becomes 
less, the resultant absorption should change its type, and 
that it should take on more of the character of the absorption 
in transparent bodies. That such a change really does occur, 
the absorption band at the upper end of the spectrum plainly 
discernible for silver, and indicated for copper and gold, 
would seem to make certain. Further evidence in confirma- 
tion of such a change in the type of absorption, is offered by 
the great relative increase in the values of » in the cases of 
silver, copper, and gold at or after the minimum point of the 
absorption curve. 

The above hypothesis offers no explanation of why the 
electrons should absorb less of the incident energy at higher 
frequencies. If it were possible to form a sound dynamical 
notion as to why the electron, with its minute dimensions 
and mass and simple structure, should take up any energy 
from waves which at the shortest used in these measurements 
are still more than ten million times the electronic diameter, 
then perhaps the mechanism of the indicated decrease in 
absorption with increasing frequency would be capable of 
elucidation. At present, however, and certainly as far as 
the experiments under discussion go, there seems to be no 
light on this question. If the fact of decreasing electronic 
absorption with increasing frequency be granted, nevertheless; 
then the above hypothesis appears to be sufficient to reconcile 
the experimental data *. 

* It may be possible that the increase in 7 is to be attributed to a 
transition layer or region of interpenetration of air and metal. This 
might naturally be supposed to be relatively poorer in free electrons 


than the main body of the metal. Then, if at the longer wave-lengths 
the radiation did not penetrate this layer, while at the shorter it did, 
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It remains to discuss equation (9) in the light of the 
experiments. Since the values of r can now be regarded as 
known (from equation (8)), it is obvious that this equation 
gives us the means of ascertaining the values of K through- 
out the spectrum. Further, it will be seen that the value of 
K consists of two parts: that due to the term involving 7, 
and that due to n*(x?—1). The latter is the value of K to 
be expected if no free electrons were present; hence, we 
may speak of the “dielectric” and the ‘‘ conductor ” parts 
of K. In order to trace separately the influence of these 
two parts, the values of each are given in the tables; in 
column 7 the values of n*(«?—1) as computed from columns 3 
and 4, and in column 8 (headed A) the values of the 
conductor term as calculated from the right-hand side of 
equation (9). In column 9 is given the algebraic sum of the 
two terms, or K ; which latter is also shown in the broken 
line curves in the upper halves of the figures. 

It is obvious from these results, in the first place, that the 
values of K are not zero—the value demanded by a perfect 
conductor. In the second place, we observe that the presence 
of free electrons (the conductor term) plays the pre- 
ponderating role in the so-called dielectric constant, particu- 
larly at the shorter wave-lengths. The dielectric term, 
however, increases relatively to the conductor term with 
increasing wave-length in all of the metals except cobalt. 
Thus in silver the dielectric term increases tolerably 
uniformly throughout the region covered by the measure- 
ments from about 1 per cent. to about 60 per cent. of the 
conductor term; in copper from about 0-1 per cent. to 
33 per cent. ; in gold from 1 per cent. to 27 per cent. ; in 
nickel from 13 per cent. to 29 per cent; while in cobalt the 
proportion varies from 5 per cent. through a maximum of 
about 17°5 per cent. (at the red end of the visible spectrum) 
to about 6°5 per cent. at the extreme infra-red wave-length 
measured. As in the case of equation (8), it is impossible to 
predict from equation (9) the relative magnitudes of the two 
parts for infinite wave-length, both because of the divergence 
of S, at large values of A, and because of lack of knowledge 


the increase in » would be explicable. This hypothesis, however, even 
more than the former, fails to elucidate the mechanism of absorption. 
If it is adopted it would seem to be necessary to attribute the major 
part of the absorption to the relatively fixed ions. Hence, further 
assumptions as to the nature and connexions of these ions would he 
necessary in order to explain the existence of the type of absorption 
which experiment reveals. However, this is hardly the place in which 
to follow further such speculations; the experimental basis is not 
sufficient either in extent or precision. 
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of the values of n?(x?—1) under the same circumstances. It 
is worthy of note also, that the dielectric term is of relatively 
greater importance at the shorter wave-lengths, in the poorer 
conductors. 

Finally, we must compare the form of the curves for K as 
shown in the figures with that demanded by theory. The 
expressions which have been deduced for K are of the form 
k > 

m2 


w* — p 


K=1+4+> 


where & involves the charge, the mass, and the number in 
unit volume of the relatively fixed ions; is their natural 
“free ” frequency; and the summation is to extend to as many 
terms as there are such free periods. Now, both from the 
forms of the curves actually found as well as from considera- 
tions of inherent probability, it is evident that we have here 
to deal, not with sharply defined isolated natural periods, but 
with resonance extending over considerable finite ranges of 
wave-lengths. If we therefore transform the formula in the 
manner of Schuster * so that it becomes applicable to the 
cases under consideration, we obtain a quite complicated 
equation involving the values of the frequencies at the edges 
ot the absorption bands, as well as the constants k. 

Now the data at present available for a satisfactory deter- 
mination of all the constants thus demanded are sufficient 
neither in extent nor precision, as was remarked earlier in this 
paper. Nevertheless, it can be stated that the theoretical 
equation with suitable values of the constants can be made 
to yield a curve approximating to that found, e. g., for silver. 
It is scarcely worth while to give details of such calculations 
here, however, as owing to the limitations of the data which 
have been mentioned, the determination of these constants is 
largely guess work. 

It is to be noted that if we had data available sufficient in 
extent and precision to permit a satisfactory evaluation of 
the other constants in such a dispersion formula for K, then 
that equation would allow us to determine the value of &. 
This in turn would yield information as to the number of 
vibrating ions in unit volume, just as equation (8) gives us 
the number of free electrons. With this added information 
we should get some light on the magnitude of the part 
played in the absorption by metals, by the relatively fixed 
ions ; information which could not tail to be of use in 
unravelling the mechanism of that process. 


* Schuster, ‘Theory of Optics,’ p. 152. 
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Summary. 


1. From an examination of the available data on the 
dispersion of silver, copper, gold, nickel, and cobalt, it is 
concluded that the inaccuracies in the experimentally deter- 
inined values of the optical constants of these metals are too 
great to allow of much dependence to be placed on them 
except for relative values. These uncertainties limit seriously 
the information to be derived from the measurements, and 
suggest the desirability of obtaining data on the dispersion 
of mercury, for which metal the causes of the inaccuracies 
can be eliminated. 

2. From a comparison of the data with the dispersion 
formulee yielded by the electron theory, it appears 


(a) That the number of free electrons is not a 
constant but increases with the frequency of the currents 
set up by the incident radiation ; slowly and uniformly 
in the infra-red, and more rapidly in the regions where 
the metals are more transparent. The explanation of 
this phenomonon is so involved with that of the 
mechanism of metallic absorption in general, that a 
wholly satisfactory elucidation of it seems to be im- 
possible at the present time. — 

(0) That the dispersion of the so-called dielectric 
constant for these metals can be determined. It is seen 
to consist of two parts, of which that which depends on 
the presence of free electrons is more important than 
the other or pure dielectric term, especially at the shorter 
wave-lengths. It also appears that the form of the 
dispersion curves found is not inconsistent with that 
demanded by theory, although the inaccuracies of the 
data do not permit a satisfactory investigation of this 
point. \ 

\ 


LXVIII. A Sensitive Photo-Electric Cell. By A. Liu. Hucuss, 
D.Sc., B.A., Maskinnon Student of the Royal Soctety ; 
Emmanuel College, Cambridge *. 


URING the course of a research, it was found necessary 
to measure the transparency of a quartz plate over a 
considerable region of the spectrum. To effect this, use was 
made of the well-established law that the photo-electric effect 
is proportional to the intensity of the light. A photo-electric 
cellin which some new features were introduced was found 
to be extraordinarily sensitive. As photo-electric cells are 
* Communicated by Professor Sir J. J. Thomson, O.M., F.R.S. 
3A 2 
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frequently used as radiometers in the visible and in the ultra- 
violet spectrum, a short account of this form of photo-electric 
cell seems desirable. ) 

The cell is a pear-shaped flask, which is shown approxi- 
mately to scale in the figure. A quartz plate Q, 4 cm. in 
diameter, is joined to the flask by sealing-wax. It is im- 
possible to avoid the use of sealing-wax, or some similar 
cement, when an air-tight joint has to be made between 
quartz and glass. Communication with the electrodes is 
made by means of platinum fused into the glass, so that the 
only waxed joint in the cell is that between the quartz plate 


and the flask. The illuminated electrode is a thin layer of 
sodium which covers the whole of the inside of the flask, and 
the other electrode is a brass rod projecting into the flask. 
This is the electrode which is connected to the electrometer, 
and therefore requires to be well insulated. The glass tube 
around the platinum wire at P is warmed and covered with 
sealing-wax, which is a good insulator. If the apparatus is 
properly dried and evacuated, the inside of the glass tube 
near P insulates perfectly. Sodium is introduced into the 
bulb N, and is strongly heated to drive off gases which are 
removed by a Toepler pump and charcoal in liquid air. 
Meanwhile the cell is warmed to drive off condensed gases 
and vapours from the walls. The apparatus is then tilted 
so as to cause the melted sodium to pass through the traps 
and constriction L into the small bulb M. The sodium in M 
is now heated until the inside of the flask becomes covered 
with a layer of distilled sodium. To prevent any deposition 
on the quartz window, the following device was employed. 
A piece of thin lead foil (shown obliquely at K) is cut so as 
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to fill the cross-section of the tube, and this foil is held up 
by a thin glass rod, which in turn is suspended from the 
winch W by a silk thread. When sufficient sodium has 
been distilled, the lead foil is raised by means of the winch 
and is crumpled up in the side tube out of the path of the 
light. The blowpipe is then applied to the constriction B, 
which collapses around the glass rod and is sealed off. 
Finally the apparatus is sealed off at L. 

On looking into the cell, the sodium surface presented a 
beautiful appearance. It consisted of an immense number 
of minute solidified drops of sodium which scattered light in 
all directions. 

A very convenient way of measuring the photo-electric 
current was to balance it against a current flowing through 
a suitable xylol-aleohol resistance as described by Dr. N. R. 
Campbell. A Wilson tilted electroscope was used as a null 
instrument. When conditions were steady, the photo-electric 
current remained constant to at least 1 part in 1000 over a 
period of several minutes. 

The following test was made on the sensitiveness of the 
cell. The wave-length % 4360 was isolated by a mono- 
chromator, the aperture-ratio of the lenses being about f. 5. 
The slits were 2 cm. by 2 mm. The energy absorbed by 
the mercury lamp was 120 watts per second. The photo- 
electric current obtained with the cell was as large as 
580X107! amp. This appears to be considerably larger 
than any current which has previously been obtained from 
a photo-electric cell under similar conditions. The only 
investigations which furnish sufficient data to effect a com- 
parison are those of Pohl and Pringsheim. They illuminated 
a smooth surface of sodium by means of a monochromator 
' which transmitted about the same amount of light as that 
used in these experiments. Their lamp, however, apparently 
consumed between 360 and 600 watts per second. 

The photo-electric current from the surface, when illu- 
minated by A 4360, was of the order 15 to 20 x 107 amp.* 

When it is remembered that the lamp used in my experi- 
ments probably gave out at the most only one-third as much 
light as theirs, it appears that this new photo-electric cell is 
extremely sensitive. The sensitiveness is about 100 to 200 
times that of a cell containing the usual smooth surface of 
sodium which has been solidified from the liquid state. Tho 
reason for this is two-fold. First, it has been shown by 
Hlster & Geitel and others, that a surface consisting of a 
large number of minute solidified drops is more sensitive 
than a surface prepared. in the usual way. Again, the 

* Pohl & Pringsheim, Verh. d. Deutsch. Phys. Ges. p. 54 (1912). 
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coefficient of reflexion of sodium is very high, the value given 
by Drude being 99°7 per cent. Hence less than 1 per cent. 
is available for producing a photo-electric effect. 

In the new cell, however, the light which gets into it is 
scattered about in all directions, and only a small fraction 
escapes out of the cell. Thus, by continued reflexion, much 
more of the light is used up photo-electrically tha when 
only one reflexion takes place. In fact, the cell is analogous 
to the enclosures used in radiometry to represent a black body. 

Photo-electric cells can be used to investigate light-inten- 
sities which are far too small to produce any eftect with a 
thermopile and delicate galvanometer. The sensitiveness of 
photo-electric cells varies in different parts of the spectrum, 
and so it would be necessary to calibrate them by means of 
a thermopile and a source of intense light, if it is desired to 
compare intensities in different parts of the spectrum by 
means of such cells. This, of course, is unnecessary if the 
variations of intensity in any one region are to be investi- 
gated. Elster & Geitel * have employed photo-electric cells 
to ineasure the variations of light-intensity during lunar and 
solar eclipses. Nichols & Merritt | have applied them to 
ihe study of luminescence. Since photo-electric cells can 
measure quantity of light (intensity x time), Richtmyer ft 
has indicated how they could be used to measure the speed 
of photographic shutters. Photo-electric cells can be readily 
used for investigations in phosphorescence. 

If cells of the type described in this paper are required 
only for wave-lengths longer than A 3300. the quartz plate 

can be dispensed with and the whole apparatus made of 
glass. The winch device would be unnecessary, as the metal 
could be driven off the part intended to act as window by 
the application of heat. K, Rb, and Cs are still more sensi- 
tive than Na in the visible region, and could be used instead 
of Naif greater sensitiveness is required. This new form 
of photo-electric cell has the advantage that only a small 
quantity of metal is necessary, which, in the case of the 
more expensive metals Rb and Cs, 1s worthy of consideration. 


I wish to express my best thanks to Professor Sir J. J. 
Thomson for his interest in this work. 


The monochromator used for testing the cell was obtained 
by means of a Government Grant from the Government 
Grant Committee of the Royal Society. 

* Elster & Geitel, Phys. Zeits. p. 1212 es 582 
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LXIX. On the Velocities with which Photo-Electrons are 
enutted from Matter. By A. Lu. Hucuss, D.Sc., B.A.,' 
Mackinnon Student of the Royal Society; Emmanuel College, 
Cambridge *. 


NVESTIGATIONS by Professer O. W. Richardson and 
Mr. Compton + and by the writer ft have shown that 
metallic surfaces, when illuminated by ultra-violet light, emit 
electrons whose maximum energy is a linear function of the 
frequency. It was shown that the maximum energy, and 
not the maximum velocity, was proportional to the frequency. 
Most of the photo-electrons emerge from the surface with 
velocities appreciably less than the maximum, on account of 
loss of energy by collisions in their journey from the interior. 
Those which possess the maximum velocities have, presum- 
ably, not lost any energy in this way. If V be the potential 
required to stop the fastest electrons, and e the charge, then 
the experimental relation between the maximum energy Ve 
and the frequency n is 


Ne= ire Nien aus oe GD) 


where h’ and Vo are experimental constants. This is also 
the type of formula suggested by the quantum theory. Ifh 
be Planck’s constant, then hn is the unit of energy associated 
with the frequency n. Since, on several grounds, this unit 
seems to be the least energy which is involved during 
emission and absorption of light of this frequency, we may 
assume, in this particular case, thatit is the amount of energy 
acquired by the photo-electron. Vye represents the loss of 
energy in getting away from the parent molecule, or more 
generally, from the surface. Hence the theoretical relation 
would be | 

Micaela W ge tay iis. |i) hi ya. oath ee ee) 


The experimental values for h' are all less than Planck's h by 
amounts ranging from 10 to 25 per cent. When one 
considers the fundamental way in which Planck’s constant 
appears in many branches of physics, combined with the 
straightforward interpretation of the photo-electric effect on 
Planck’s theory of radiation, one is almost forced to the 
conclusion that h’ is ultimately identical with the universal 
constant h and that the difference is the result of some 
secondary effect. Richardson and Compton were inclined 
to attribute the difference to experimental errors, all of which 


* Communicated by Professor Sir J. J. Thomson, O.M., F.R.S. 
t+ Richardson & Compton, Phil. Mag. p. 576 (1912). 


oe) 


t Hughes, Phil. Trans. vol. cexii. (A) p. 205 (1912). 
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tend to make h’ too small. I think, however, that the 
deviations are larger than the possible errors of experiment, 
and moreover, I found that there was a small but quite 
regular variation in h’ with the position of the metal in the 
periodic table. 

The reconciliation between the experimental and theoretical 
results is perhaps to be sought in another direction. In the 
above experiments the maximum velocities of photo-electrons 
emitted from the same side of the plate as the incident light 
were investigated. Robinson* has lately studied the velo- 
cities of photo-electrons from both sides of a thin transparent 
film of platinum placed perpendicularly to the light. He 
finds that the velocities are greater on the emergent side than 
on the incident side. In the figure, curve A gives the ratio 


Ratio 
PE hei 


Thickness 
of the numbers of photo-electrons emitted on either side, and 
curve B gives the ratio of the corresponding maximum 
velocities measured in volts. One may surmise that, perhaps, 
all the electrons are emitted originally trom the molecules 
more or less in the direction of the light, and that subsequent 
scattering by collisions leads to the emission in all directions. 
On producing curve B backwards, we find it cuts the ordinate 
through the origin at 1:12 in such a way as to indicate that 
this is the limiting ratio of the emergent to the incident 
energies, for a film of zero thickness. We may regard this 
as indicating that the energy lost by a photo-electron in 
swinging round from its original direction of emission is at 
Jeast 11 per cent. Now Richardson and Compton found h’ 
for platinum to be 5°85 x 107?’ by a direct method and 5°60 
by an indirect method, which they considered to give rather 
more accurate results. Increasing these values by 12 per 
cent. we get 6°55 x 10~-*” and 6°27 x 10”, which are in good 
agreement with Planck’s constant, 6°55 x107*' erg sec. It 


* Robinson, Phil. Mag. xxy. p. 115 (19138). 
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appears, therefore, that the application of the quantum theory 
to photo-electricity is quantitatively justified if we keep in 
mind the electrons which emerge in the direction of the 
incident light. , 

No experimental results as to the ratios of the emergent 
to the incident velocities for other metals are available, and 
so it is not possible, at present, to test this view further. 
More precise information would be obtained if the ratios 
were investigated using monochromatic light. 

From equation (1) it is seen that there can be no emission 
of electrons unless h’n exceeds Voe. On putting V=0 we 
get the critical frequency at which the electrons emerge 
without any velocity. Below this frequency there is no 
photo-electric effect. Knowing the critical frequency at 
which the photo-electric effect starts, we may calculate V,e, 
the amount of energy required to take an electron from the 
molecule, and Vy may be regarded as the ionizing potential. 

We shall now make the assumption that the ionization 
of gases by ultra-violet light is essentially the same as the 
photo-electric effect in solids, and we may proceed to find 
the ionizing potential of a gas from the longest wave-length 
which produces ionization in it. A difficulty arises as to 
what value to assign to h’ for a gas, since h’' is only obtained 
from velocity experiments with solids, and varies slightly 
from one element to another. The difficulty disappears if 
we consider that Robinson’s experiments, in conjunction with 
those of Richardson and Compton, justify us in regarding 
equation (2), and nct equation (1), as representing the 
energy exchanges associated with the emission of photo- 
electrons from isolated molecules of a gas. 

It has been shown by the writer * that the ionization of 
air by ultra-violet light sets in at about 11350. (From a 
consideration of Lenard’s work, Lyman f concludes that the 
critical wave-length is about > 1300, which agrees well with 
my results.) Palmer’s work} leads us to associate this 
critical wave-length with the oxygen in the air. If we take 
h' for oxygen to be 5°72x107*, which is the mean value 
for the metals, as an approximation, we get Vo to be 8-0 volts. 
This method of calculating Vo was introduced in a previous 
paper. But the considerations brought forward earlier in 
this paper now justify us in using / instead of h'. Taking 

* Hughes, Proc. Camb. Phil. Soc. xv. p. 482 (1910). The outside 
limits given in the paper are 11250 and 1450. The critical wave- 
length A 1350 was obtained from subsidiary experiments in which fluorite 
plates possessing different transparency limits were used. 

+ Lyman, Phys. Zetts. xii. p. 083 (1912). 

{ Palmer, Phys. Rev. xxxi. p. 1 (1911). 
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h=6°55 x 10°?) \ero seel))e== 457 5x 100)? BS. U2. annie 
critical wave-length to be 271350, we get the ionizing 
potential Vo (=Anje) to be 9:2 volts. The most recent and 
accurate work on the ionizing potential is that of Franck and 
Hertz *, who tound that the ionizing potential for oxygen is 
9-0 volts, which agrees well with the value calculated from 
photo-electric experiments. 

One point arises in connexion with the ionizing potential. 
Ii might be expected that less work is required to remove 
an electron from a molecule of a substance when solid or 
liquid than when gaseous. The forces tending to pull the 
escaping electron back into the parent molecule may be 
considerabiy reduced by forces originating in adjacent 
molecules, and hence the ionizing potential may depend on 
the physical state of a substance. “The spontaneous ionization 
of a gas can be regarded as the dissociation of uncharged 
molecules into positive and negative ions. ‘This dissociation 
should increase rapidly with the temperature in the same 
way as that of a dissociating vapour. Sir J. J. Thomson 
has calculated the amount of dissociation—in this case, the 
spontaneous lonization—in a vapour whose ionizing potential 
is about 3 volts, and finds that such a vapour should be 
highly conducting at temperatures of the order of 500° C. 
According to Dunoyer, the natural conductivity of sodium 
rapour is of the order of that of ordinary gases, and the 
inference from this is that the ionizing potential of sodium 
vapour is considerably higher than that derived from photo- 
electric experiments on solid sodium (2°2 volts). The 
author t found that the longest wave-length which produced 
any photo-electric effect in solid anthracene was about 
r 2100, corresponding to V,=5:9 volts. Now, Stark has 
obtained intense ivnization in anthracene vapour illuminated 
by the ultra-violet light from a mercury are in quartz glass. 
The shortest wave-length emitted by such a lamp is » 1849, 
and the strong ionization observed renders it unlikely that 
21849 was the only active line. Hence the ionizing 
potentials for solid and gaseous anthracene, calculated from 
photo-electric experiments, can only differ at the most by 
‘7 volt. Experiments which bear on this point are now 
being made on the photo-electric effect of a substance in 
different physical states. 


I wish to thank Prof. Sir J. J. Thomson for his interest 
and suggestions in the course of this work. 
* Tranck & Hertz, Verh. d. Deutsh. Phys. Ges. p. 84 (1918). 
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LXX. On the Collapse of Tubes by External Pressure. 
By R. V. Soutawei, B.A.” 


N the issue of this magazine for September 1892+ 
Mr. Basset has given a very clear exposition of the 
difficulties which we encounter in attempting to construct a 
theory of flue collapse. The conclusions to which his dis- 
cussion leads are, that the formula obtained by Prof. Bryan ft 
for the collapsing pressure of an infinitely long flue is 
probably correct as a first approximation, when the inner 
surface of the tube is free from apphed pressures ; but that 
his work, as distinguished from his result, is vitiated by the 
employment of a faulty expression for the strain energy of 
bending, and that although the formula may be obtained by 
other methods, these also must be based upon assumptions 
which are certainly not exact, and may be so far from the 
truth as to render the result faulty, even as a first approx- 
imation. 

I have recently investigated the problem by a method 
which I believe to be exact, and which does not involve the 
Theory of Thin Shells§. My results show that Professor 
Bryan’s formula is correct as a first approximation, even 
when both surfaces of the tube are subjected to pressure, 
the difference of the pressures being the sole criterion of 
collapse. In the light of this conclusion, Mr. Basset’s 
remarks seem to require further examination ; for the 
Theory of Thin Shells is apparently more capable than 
they would suggest of providing a satisfactory formula for 
flue collapse. I shall attempt in the following pages to 
indicate the alterations in method which, as I believ e, enable 
us to evade the difficulties remarked by Mr. Basset, and to 
show how Professor Bryan’s formula, thus established, may 
be extended so as to suggest estimates for the influence of 

“collapse rings” upon the strength of flues. 

for convenience of comparison I shall retain the notation 
of Mr. Basset’s article in dealing with his discussion of the 
boiler-flue problem, which, in its simplest form, he states as 
follows :—‘‘ Let the flue be regarded as indefinitely long, 
and be cylindrical ; let a+h and a—h be ihe external and 
internal radii of its surfaces; and let the outer and inner 


* Communicated by ErokessoL B. Hopkinson, F.R.S. 
Tt Phil. Mac. vol. xxxiv. p. 221. 
{ Prac. Camb. Phil. Soc. vi. P- 287 (1888). 
a Naat a paper read before the Royal Society of London, January 30th, 
lk 
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surfaces be subjected to pressures IJ,, H,. Then the condi- 
tion of stability requires that a certain relation should exist 
between these four quantities, which may be written 


F(a) hy. ie, Dg) S202 


Mr. Basset suggests two methods by which this problem 
may be attacked :—“ In the first place, let the flue be slightly 
deformed, and let the period of the small oscillations be 
found ; then the condition of stability requires, that the 
periods should be real quantities. In the second place, let 
the potential energy in the deformed state be found ; then 
the condition of stability requires, that the potential energy 
of the flue when in equilibrium should be a minimum. 
Hither of these methods will determine the mathematical 
form of the function F.” 

I propose to use a third method, practically equivalent to 
both of the above, and to investigate the conditions which 
must obtain if a circular tube is in neutral equilibrium under 
the action of external pressure. This is of course the 
limiting case between stable and unstable equilibrium, and 
when we have found a value of the pressure for which the 
equilibrium is neuiral, it is easy, by changing the equation 
into an inequality, to express the condition of stability. 
When a configuration possesses neutral equilibrium, the 
period of vibration, for small displacements from that con- 
figuration, is infinite: that is to say, configurations of in- 
finitesimal distortion exist which are also in equilibrium, and 
the condition of neutral stability may be determined from 
this consideration. 

The above remarks lead to no alteration in Mr. Basset’s 
methods, beyond the substitution of equations of equilibrium 
for his equations (6) of small motion, which become 


ds p 

GS ixp p p | 
dG +N=0, | 
ds J 


where p is the radius of the deformed middle surface. The 
proposed alteration refers to the methods by which these 
equations are to be treated. 

In equations (1), T, N and G are the values of the stress- 
resultants and stress-couples in a position of slight distortion 
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(see fig. 1). Mr. Basset argues, rightly I think, that there 
are no perfectly general expressions for these quantities, 


is 
Bent: 


correct to the third power of the thickness, in terms of the 
final extensions and curvatures of the middle surface, when 
the surfaces of the shell are subjected to pressure*. But we 
may proceed by distinguishing two configurations : (1) the 
position of equilibrium, in which the tube remains circular 
and merely suffers contraction: this is the configuration of 
which we are investigating the stability ; and (2) a con- 
figuration of infinitesimal displacement from this. If a is 
the radius of the tube in the former position, we may write 


ds = add, | 
and 
1 aL 1 d?w r < e * e e ° ° . (2) 
Gace a" ; ig), 
where w is the (infinitesimal) radial displacement at any 
point, in the outward direction. We may also write T, N 
and G in the forms 


T=7, +7, 1 
nen, +n, ne oo ai ID A 
G=G,)+G’', 


where Ty, No, Go, are values for the first configuration, and 
T’, N’, G', are infinitesimal increments due to distortion. 
It is clear that 


Ne, 


Lee 


Pe 
é feacl Sete diate (4) 
Tan(o-2)-m(1+2)5 


* Cf. also Lord Rayleigh, Proc. Lond. Math. Soe. vol. xx. p. 3879. 


and 


690 Mr. R. V. Southwell on the 


and the equations (1) thus become, if we neglect infinitesi- 
mals of the second order, 


dy’ a 

ae N= 0). 

aN’ eee | e 
ae —T’ + (w+ 7 (i, )=03 7. ae 
Lae eget hs 

a dd +N’=0. 


From equations (5) a condition for stability can be derived, 
provided that G' can be connected, accurately to terms in 13, 
with the curvature of the distorted middle surface ; for by 
eliminating T' and N’ we obtain 


ae <a) “+(e } =0. eae 


I shall now attempt to show that the requisite expression 
for G' can be derived without the need for any assumption 
as to the extension of the middle surface. We may proceed 
by Mr. Basset’s method, the strain quantities now denoting 
the infinitesimal increments introduced by distortion. His 
equation (8) becomes 


R’=(m-+n)o3+ (m—n)oo+ { (m+n) (S) 


+(m—n) (Ge ae \ he. . ltelwat eae 


so that if we write 


RSA A A TAA? +... an 


and 
pe ee 
m bn Mii) 
we have 
AGN rz ) 
oe eos | 


felony A, Goes f 
a 
( dr ) m+n ( dr ) | 


Mr. Basset’s equation (12) then becomes 


(a. 1 eet) A w lLd*w 


dr dp t m+n "a —adg sy’ * “®) 
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and 
Q’=(m tn)oz’ +(m—n)os, 
- (7 + pe i (m—n)o3+ {c + (2 ) is (m —1)(F ) 
Dy dr. 


4mn 
mtn 


5 ae . Amn dar v4e w lLd*w 
+h [ HAs + Beat ' a: a are Eo, — ee me i: 


so that 


h 
G= -| Q'h'dh', 
ey 


= WHA+ 


om) 


Amn da A wha 
ey ie / g SS ici ee 
eeu [BA.+ aoe dd : m+n Le a add’ 

cotmectio to terms amity Ui Ske ee. en CL 


Now Ih’, being the increment of stress produced by distor- 
tion, vanishes at the surfaces of the tube; and the surfaces 
are never subjected to tangential stress. Hence the terms 
Al®, A;h?, ah’ may legitimately be neglected in the expres- 
sion for G *. We have then 


: Smnh? w  1d?w 
tee a ES v € . oe a Garner - ° . ° . 2 
2 3(m+n)a | He, . a *. a 18 ) 


Now from the first and third of (5) we see that T’ must 
be of the same order as G’; and 


h 
=| Q'dh’, 
a 


el | HA + aa o| + (terms in h?... etc.). 


m+n 


It follows that the quantity 


mn 
HA+4——oa 
mtn ” 


and therefore also oo, is of order h? at least ; we shall there- 
fore obtain G’ correctly to terms in h? if we neglect o, in 


equation (12). 


* See p. 229 of Mr. Basset’s article, and references on p. 223, for 
arguments in fayour of this hypothesis. 
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We thus obtain the familiar expression 
Smnh? d2w 
oe oe 


which may be substituted for G' in (6). The solution is of 


the form 
w=W sinkd, .. }° 72 


where 
8mnh? 


3(m+nja? 
This is the required condition for neutral equilibrium. 
If Il, is zero, and we give to k& the value 2, the condition 
for stability may be written 
Smnh? 
(n+ n)u® ? 


fe ie (2-1). | ae 


ee fA) 
which is Professor Bryan’s result. 

The foregoing discussion requires to be read in connexion 
with Mr. Basset’s article, but its purpose may be summarized 
in general terms. It is intended to show that the accepted 
formule for changes of curvature, in terms of the correspond- 
ing changes in the stress-couples, need not be restricted to 
the case of shells whose surfaces are free from stress,— 
provided only that the changes under consideration are not 
accompanied by any change in the magnitude of the applied 
surface-tractions ; and in the boiler-flue problem the latter 
requirement is satisfied. 

If the problem be approached from considerations of 
energy, my contention may be expressed as follows :— 
Although Mr. Basset is right in saying that a complete 
expression for the potential energy will contain terms depend- 
ing on II, and II,, yet he has not shown that these pressures, 
when their intensity remains constant, influence to any 
sensible extent the increase of energy which is involved in a 
slight displacement from the configuration of equilibrium. 
The discussion of this paper, and the results which I have 
obtained independently of the Theory of Thin Shells, seem 
to show that they will not. 

I have now to show that by the methods described above 
we may obtain an estimate of the effect of ‘‘ collapse rings.” 
These rings of course tend to prevent distortion of the tube 
at its ends, and the consequent strengthening effect must 
be investigated by the consideration of types of displace- 
ment in which the departure of the cross-sections from 
circularity varies in the axial direction. The product of the 
principal curvatures at a point will now be in general finite 
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after distortion, and Gauss’ theorem* shows that extension 
of the middle-surface is involved. Hence it may be seen 
that terms will be introduced into the expression for 
(II,—II,) which involve the first power of the thickness ; 
and these have now to be determined. 

It will be convenient to change our notation for the 
various stress quantities, and to employ the system which is 
sufficiently explained by fig. 2. 


We begin with the consideration of an indefinitely long 
tube, and take w for the length measured along a generator 
from a fixed normal section, and a@¢ for the length measured 
along the section from a fixed generator. When the dis- 
tortion occurs, let u be the displacement along the generator, 
v the displacement along the tangent to the circular section, 
and w the displacement along the normal to the cylinder 
drawn outwards. 

The equations of equilibrium may be obtained at once 


from the figure. They are 
Gey! oU, | Lo Cae Soe 
Bela op «de [P: Od +0) | cee 
mer iery. Ty 5 


| 
Oe add " p 
of, lot, Pz hop Oy 
eee 7 + (4 A (1+ 5) =0:) (17) 
oH 10G, ae | 
ee | 
dG, _ 19H | 

) 


* Werke, Bd.iv. p.217. Cf. Salmon, ‘Geometry of Three Dimensions,’ 
4th ed. p. 355. | 
ini. Magus..6, Vol. 25. No. 149. May 1913... 3B 
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But in order to find the terms in the expression for 
(II,—II,) which are of order h, we may omit the stress- 
couples from consideration, since these are of order h?; and 
the last two of equations (17) then show that T, and T, may 
also be neglected. 


Thus the first three equations become 
of; Leu.) 4 oO ov \ 
eG a a oe Le | 
OU ere | 
ox | ado ca ea 


Ps = tet ss a -T1,(1-") =0. 


If we now write P,.... in the forms 


P= (Py) 4+ By ccete.) 2 ee 
where [P,].... are values in the configuration of equi- 
librium, when the tube is still circular and merely contracted, 
Bub beey a! a /oile» are the increments caused by an infinitesimal 
displacement, we have at once 


a =1,(1-") —, (1+ a3 | - + (20) 
[PJ =[Ui=[U,]=0; 


and it is easy to eb that, to terms in h, 


Ou (S54 
Py =2—7 Eh [Si + ao | 
P,'=2— i af ($5 +e ee Me Wea 
m tou 
1 =, eras 2 | 


where E is Young’s modulus, He —- is Poisson’s ratio for 
the material of the tube. if 


Using these relations to simplify (18), and neglecting 
second order infinitesimals and higher powers of h than the 
first, we have 


o7u m—1 1 O%u m+1\1 9020 1\1 Ow 
Ow? ; Dine sar sacle . 2m \ae 020d +( +5): Am 
m+11 O7u Nita 07v A Otn aeleoaa | 

Im adeod + Im de wag t won” 

1, Ot Bei ven ay Ow 
ioe eon el AG 2) 


== 0), 
(22) 
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where V denotes the quantity 
(i, — 2 )a 
? 


n? 
2 
a Kh 


A solution of (22) is of the form 
u= U sinkd cosvda2, 
v= Vcos heb SU Ns 0 A 
w= W sin kd sin Xa, | 


where U, V, W, & and 2 are constants, & being necessarily 
integral. 

Substituting in (22) from (23), we obtain the following 
determinantal equation for V :— 


ne i 
gota (w+ ee mer pot rn, {=0. (24) 
2m a 2m m 
m+1 k? m—1 x2 k? k? 
2m a®? Qn a2” a? 
1 2 
aA? Ae 1—W(k?—1), 


This equation, when expanded and simplified, gives 


2 2.2 4 ae 
hel env [e=D(ere ly oY] + gatao 


J 
? m— 1 m m 
But it is easy to see from its expression in (22) that V 
must be very small in any case of practical importance, so 
that the term in Y? may be neglected in equation (25) ; and 
from the latter equation that WV is of the fourth order in 
terms of A, so that X% also must be very small. Hence we 
may write with sufficient accuracy 


m—-Jl ar 


a m k*(k?—1)’ 
or 
De a Xe 
“TST = 2 eT PES Pa aOR Te s e es . e Z 
By Hy Ee FUe—1) (26) 


Considering the problem again in general terms, we see 
that the resistance offered by the tube to distortion will be 
due partly to its extension and partly to its bending. The 
complete expression for (II,—II,) will be of the form 


rl age] ove: a's aa eile Oa Waar nian (40) 


where a, B, y, etc. are functions of the radius and elastic 
properties of the tube, and of k and. In this paper we are 
3B 2 
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not concerned with terms of higher order than h®, and « is 
given, with sufficient accuracy, by (26). 

When X is zero, the wave-length of the distortion, in the 
axial direction, is infinite. In this case 8 must be given by 
the formula (15) for a flue of infinite length, so that in the 
notation of equation (26) it is clear that we may write 


es ahs 
Hie — 7 cc a ») + (terms involving powers of 2). 


Now we have already seen that ) must be very small in 
any practical case, and it is therefore clear that the unknown 
terms do not form any appreciable part of 8; hence with 
sufficient approximation we may calculate the critical value 
of the pressure difference, in the type of distortion specified 
by (23), from the following formula : 

h ‘ee LS dante }? 
1, —Il,= 20 = es +5 (P-1) 5]. (28) 

The question now arises:—in the problem of the boiler- 
flue, where distortion is wholly or partially prevented at 
certain sections by the agency of “ collapse rings,” what is 
the connexion between 2% and the distance of these rings 
(or the effective length of the flue)? A purely ideal type 
of constraint may be imagined, which tends merely to main- 
tain the circularity of the tube at certain sections, without 
restricting the slope of the tube-wall*; this would permit 
the occurrence of the distortion specified in (23), and the 


distance between constraints would be equal to = But in 


practice the end constraints will also tend to “clamp” the 
ends of the flue, and this effect will strengthen the tube, by 
an amount which it is not easy to determine exactly. 

In any case we may say that 


J 
as 
Fae 


a 
oc - (say), 
one 
and we may illustrate the way in which the end effects die 
out by plotting (II, —II,) against the quantity or : To 


do this we must take some definite value of the ratio = and 


* A thin disk, inserted in the tube but not fastened to it, would have 
approximately this effect. 
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plot different curves for the values 2,3,.... etc. of &. This 
thas been done in fig. 3, the following values being assumed 
for the constants :—— 


ii =3 x 10’ pounds per sq. inch, 


Big. 3. 
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IN 
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From an inspection of these curves we see that long tubes 
will always tend to collapse into the 2-lobed form, since the 
curve for k=2 then gives the least value for the collapsing 
pressure, but that at a length corresponding to the point A 


the 3-lobed form of distortion becomes natural to the tube, 
and for shorter lengths still, of which the point B gives the 


9 Collapsing Pressure 


oO Velues or g 2 4 6 
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upper limit, the 4-lobed form requires least pressure for its 
maintenance. Thus the true curve connecting pressure 
and length is the discontinuous curve CBAE, shown in 
the diagram by a thickened line. 

The changes in the form of the collapsed cross-sections, 
thus predicted, are clearly shown by experiments *, and the 
diagram (fig. 3) throws an interesting light upon the well- 
known formula of Fairbairn +, which makes the collapsing 
pressure inversely proportional to the length of the tube. 
This result is precisely what the present investigation would 
lead us to expect, if the experiments were restricted to short 
tubes, and if the possibility of discontinuities at points such 
as A and Bin the curve of collapsing pressure were neglected ; 
for the hyperbolic curve 


3s an almost perfect fee of the discontinuous curve 
CBAE down to the point at which the collapsing pressure 
reaches a sensibly constant value. Fairbairn, hy expressing 
the whole range of his results in one formula, did neglect 
the possibility of discontinuities, and it is obvious that his 
experiments, since they show a steady fall of collapsing 
pressure with increase of length, must have been restricted 
to comparatively short tubes. 


December 13th, 1912. 


LXXI. On Conformal Representation from a Mechanical 
Pont of View. By Lord RayiEien, 0.1, PRS * 


1 what is called conformal representation the co-ordinates 
of one point 2, y in a plane are connected with those of 
the corresponding point &, 7 by the relation 


s+ =fEt+in), . 3 - 

where f denotes an arbitrary function. In this transforma- 
tion angles remain unaltered, and corresponding infinitesimal 
figures are similar, though not in general similarly situated. 
If we attribute to a 7 values.in arithmetical progression with 
the same small common difference, the simple square net- 
work is represented by two sets of curves er ossing one 
another at right angles so as to form what are ultimately 
* Of. W.C. Unwin, ‘ Elements of Machine Design,’ Part I. (1909) 
p- 118, and A. P. Carman, University of Illinois Bulletin, vol. iii. No. 7. 


¢ Phil. Trans. Roy. Soc. exlviii. p. 389. 
I Communicated by the Author. 
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squares when the original common difference is made small 
enough. Tor example, as a special case of (1), if 


eri = CS (Er tH) sh an ene tree Ga) 
z=csin€coshn, y =ccoséEsinhy ; 


and the curves corresponding to 7 = constant are 


ios y? 
To oe aaa 1 ai toneiiens . 
c* cosh? n T sinh? n ; (3) 
and those corresponding to & = constant are 


2 2 


Evid: iA Say 
sin? é™ ce cos? = 


a set of confocal ellipses and hyperbolas. 

It is usual to refer x, y and &, 7 to separate planes and, 
so far as I have seen, no transition from the one position to 
the other is contemplated. But of course there is nothing 
to forbid the two sets of co-ordinates being taken in the 
same plane and measured on the same axes. We may then 
regard the angular points of the network as moving from the 
one position to the other. 

Some fifteen or twenty years ago I had a model made for 
me illustrative of these relations. The curves have their 
material embodiment in wires of hard steel. At the angular 
points the wires traverse small and rather thick brass disks, 
bored suitably so as to impose the required perpendicularity, 


Fig. 1. 


8 Ce 


the two sets of wires being as nearly as may be in the same 
plane. But something more is required in order to secure 
that the rectangular element of the network shall be square. 
To this end a third set of wires (shown dotted in fig. 1) was 
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introduced, traversing the corner pieces through borings 
making 45° with the previous ones. The model answered its 
purpose to a certain extent, but the manipulation was not 
convenient on account of the friction entailed as the wires 
slip through the closely-fitting corner pieces. Possibly 
with the aid of rollers an improved construction might be 
arrived at. 

The material existence of the corner pieces in the model 
suggests the consideration of a continuous two-dimensional 
medium, say a lamina, whose deformation shall represent the 
transformation. The lamina must be of such a character as 
absolutely to preclude shearing. On the other hand, it must 
admit of expansion and contraction equal in all (two-dimen- 
sional) directions, and if the deformation is to persist 
without the aid of applied forces, such expansion must be 
unresisted. 

Since the deformation is now regarded as taking place 
continuously, f in (1) must be supposed to be a function of 
the time ¢ as well as of +7. We may write 


ety = ft, e+). 2 see 


The component velocities wv, v of the particle which at 
time ¢ occupies the position x, y are given by da/dt, dy/dt, 
so that 


ash, 
utw= aft, §+%). » a ie 


Between (5) and (6) +7 may be eliminated ; w+zv then 
becomes a function of ¢ and of +27, say 


“utiw= FC, ¢+y). .. ae 


The equation with which we started is of what is called in 
Hydrodynamics the Lagrangian type. We follow the motion 
of an individual particle. On the other hand, (7) is of the 
Hulerian type, expressing the velocities to be found at any 
time at a specified place. Keeping ¢ fixed, 7. e. taking, as it 
were, an instantaneous view of the system, we see that u, v, 


as given by (7), satisfy 
(@/dz? + d?/dy*) (u,v) == & ee 


equations which hold also for the irrotational motion of an 
incompressible liquid. 

It is of interest to compare the present motion with that 
of a highly viscous two-dimensional fluid, for which the 


from a Mechanical Point of View. 701 
equations are * 


a x Pp ,d6 i -) 
mi Gian de ae dae 


Dv Y dp , ,d0 “(Fs ai 


Siren giasigg * (argh 
where d= au aD 
dt day 


If the pressure is independent of density and if the inertia 
terms are neglected, these equations are satisfied provided 


ae pX+p' dé/fde =0, pY¥+p'dd/dy = 0. 


In the ease of real viscous fluids, there is reason to think 
that p'=4yu. Impressed forces are then required so long as 
the fluid is moving. ‘The supposition that p is constant being 
already a large departure from the case of nature, we may 
perhaps as well suppose «' =0, and then no impressed bodily 
forces are called for either at rest or in motion. 

If we suppose that the motion in (7) is steady in the hydro- 
dynamical sense, w+7v must be independent of ¢, so that the 
elimination of &+?n between (5) and (6) must carry with it 
the elimination of ¢. This requires that d//dt in (6) ke a 
function of 7, and not otherwise of ¢ and €+77; and it 
follows that (5) must be of the form 


ey Ab (Em) tse ow, Na CO) 


where F,;, F, denote arbitrary functions. Another form 


of (9) is 
F3(@+iy) =t+F(E+im).. . . . C0) 


For an individual particle F,(&+77) is constant, say a+. 
The equation of the stream-line followed by this particle 
is obtained by equating to ib the imaginary part of 
F3(@+7y). 
As an example of (9), suppose that 
BOY 26S A ADI a! |e) lg yey CL) 

so that 

«= csingcosh(y+t), y=ccos&sinh(y+¢),. (12) 
whence on elimination of t we obtain (4) as the equation of 
the stream-lines. 


* Stokes, Camb. Trans. 1850; Mathematical and Physical Papers, 
vol. iy. p.11. It does not seem to be generally known that the laws of 
dynamical similarity for viscous fluids were formulated in this memoir. 
Reynolds’s important application was 80 years later. 
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It is scarcely necessary to remark that the law of flow 
along the stream-lines is entirely different from that with 
which we are familiar in the flow of incompressible liquids. 
In the latter case the motion is rapid at any place where 
neighbouring stream-lines approach one another closely. 
Here, on the contrary, the motion is exceptionally slow at 
such a place. 


~LXXIT. On theAbsorption of Short Electric Waves by Ar 
“and Water-Vapour. By James HE. Ives, Ph.D., Associate 
Professor of Physics in the University of Cincinnati *. 


ie is well known that Wireless Telegraph signals can be 

sent farther at night than in the day. One of the 
suggestions that has been made to explain this fact is, that 
the air may absorb more of the energy of the waves during 
the daytime than it does during the night ; the absorption of 
the waves being supposed to be due to the ions produced, 
either in the lower or in the upper layers of the atmosphere, 
by the action of sunlight. 

It was this fact and the suggested explanation of it which 
led to the research described in this paper. 

Moser t, Thomson {, Tesla §, Remington ||, Ebert and 
Wiedemann {,and Wiedemann and Schmidt**, have investi- 
gated the ionization of a gas at low pressures by a powerful 
alternating electric field. They have shown that gases when 
ionized in this manner, and especially when glowing, become 
highly conducting, and indeed to such an extent that when 
placed between the source of the oscillating field and some 
other conducting body, they shield the latter from electrical 
disturbances. 

Lecher tt, by using a double-walled glass vessel like a 
Bunsen calorimeter, placing a coil of wire within the inner 
tube and winding four turns of wire on the outer tube, has 
shown that if high frequency oscillations are set up in the 
outer coil, and the pressure of the air between the two tubes 
is reduced, the raritied air will absorb a large part of the 
energy of the outer coil. He found that the absorption was 


* Communicated by the Author. 

+ Comptes Rendus, cx. p. 3897 (1890). 

t Phil. Mag. xxxii. pp. 321-336, 446-464 (1891). 
§ Elect. Eng. xii. pp. 14, 15 (1891). 

|| Phil. Mag. xxxv. pp. 506-525 (1898). 

q Ann. Phys. xlix. pp. 82-49 (1893). 
*#* Ann, Phys. \xii. pp. 460-467, 468-473 (1897). 
Tt Phys. Zeitschi, iv. pp. 82-388 (1902). 


Short Hlectrie Waves by Air and Water-Vapour. 703 


greatest between ‘10 and°07 mm. ‘The two coils were sepa- 
rated by a distance of about 2°5 em. The frequency of the 
current in the outer coil was about 107, which corresponds 
to a wave-length of about 30 metres. 

In Lecher’s experiment, then, the ionization was very in- 
tense, being of the nature of that accompanying a glow dis- 
charge, and the absorption of the electromagnetic energy 
took place in the immediate neighbourhood of the oscillating 
system. Such an absorption could not well be spoken of as 
an absorption of electric waves. In fact, the system used by 
Lecher to produce the oscillations was a closed system, which 
would not give off electric waves. 

In the case of Wireless Telegraph waves, the ionization of 
the air which has to be considered is its natural ionization, 
that is, the ionization produced by light, the presence of 
radium, and other causes always present. Itis not produced 
by the waves themselves since their electric field is too small 
to produce ionization. 

In 1908 the author and R. HE. C. Gowdy, in a paper read 
before the American Physical Society *, described some ex- 
periments made to detect the absorption of electric waves by 
air at different pressures. Waves having a wave-length of 
about 10 cm. were used, and sent through a tube 44°5 cm. 
long, so that there were at least four complete waves between 
the sender and the receiver. ‘hey stated that they thought 
that they had observed two maxima of absorption of short 
electric waves in air as the pressure was decreased from that 
of the atmosphere to something less than one millimetre of 
mercury. One maximum apparently occurred near the zero 
of pressure, and the other between 40 and 60 cm. of 
mercury. 

As there seemed to be some question as to the reliability of 
these results, the work was continued by the senior author, 
and the original results were not confirmed by later experi- 
ments. In fact, it was found that the Duddell Thermo- 
galvanometer used in the earlier experiments was not 
sensitive enough to measure the disturbances due to the 
5 em. linear oscillator, and that the deflexions obtained must 
have been due to some other cause. 

In the earlier experiments, the method adopted was to 
send waves from the same oscillator through two separate 
tubes, successively, one tube containing air Pat atmospheric 
pressure, and the other, air at any desired pressure. The 
. waves were received by one and the same receiver. The 


#* See abstract Bo eel in the Physical Review, xxvi. pp. 196, 197 
(1908). 
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two tubes were placed side by side on a carriage to which a 
horizontal motion could be given; first one tube being 
placed between the sender and receiver, and then the other. 

The difficulty with this method is that it is impossible to 
get waves of the same strength sent out from the sender 
twice in succession. As the absorption, if there is any, must 
be very small, it is necessary, when using this method, that 
the strength of the waves should be the same, or very nearly 
the same, each time. As is well known, when using an 
oscillator actuated by a spark-gap, it is impossible to attain 
this condition on account of the irregular action of the spark. 

The only way to overcome this difficulty appeared to be to 
use a differential method. 

In the experiments to be described in this paper, such a 
method was adopted, the waves being sent through both 
tubes at the same time from one and the same sender, and 
received on two separate receivers, one placed at the farther 
end of each tube. Hach receiver contained a thermo-electric 
junction, and each junction was connected to one of the coils 
of a two-coil Siemens and Halske armoured galvanometer * 
in such a manner that the thermoelectric currents produced 
by the electric waves acted oppositely on the needle. By 
changing the position of the sender or of one of the receivers, 
or by partially covering one end of one of the tubes by a 
sheet of metal, the two disturbances of the galvanometer 
could be made to nearly neutralize each other, so that only a 
very small deflexion was obtained. 

The arrangement of the apparatus is shown, diagram- 
matically, in fig. 1. T, and T, are two glass tubes both 


Showing arrangement of apparatus. 


exactly alike, 44:5 cm. long, and 10 cm. in diameter, and 
having pieces of plate glass sealed, with sealing-wax, upon 
their ends. The tubes were covered with tinfoil, so that the 


* This instrument is of the type designed by Du Bois and Rubens, and — 
is described in the Zets. f. Instrumentenkunde, Jahrg. 1900, p. 65. 
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disturbance in each tube would be confined to its own tube, 
and act only upon its own receiver. Covering them with 
tinfoil also got rid of disturbances due to the presence of 
neighbouring conductors. It was found that the excitation 
of the receivers was about five times as great when the tubes 
were covered with tinfoil as when not covered. 

S is the sender. It consisted of two brass rods, placed end 
to end, each 2°5 cm. long. ‘The rods were *25 cm. in 
diameter, rounded at the ends, and had a spark-gap *015 cm. 
long between them. The total length of the two rods 
together was therefore about 5 cm. It is one of the oscil- 
Jators which I have fully described in my paper on the wave- 
length of the linear oscillator *, and it is the one that I have 
there called the 5-cm. sender. The brass rods were supported 
by a hard rubber cylinder, and the spark between them took 
place in kerosene oil. The oscillator was excited by two 
auxiliary sparks at the outer ends of the rods, each auxiliary 
spark being about 3 mm. long. The wave-length of this 
oscillator as previously determined F was about 10°2 cm. 

The various parts of the sender are shown in cross-section 
in fig. 2; in A for a front view, and in B for a side view. 
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Sender. A, front view; B, side view. 


bb are the brass rods; 7, hard rubber cylinder ; cc, corks 
closing the ends of the cylinder ; 0, space filled with kero- 
sene oil; ss, auxiliary spark-gaps; ww, brass wires leading 
to secondary of induction-coil ; gg, hollow glass rods sup- 
porting these wires ; ”, hard rubber rod supporting the hard 


* Physical Review, xxx. pp. 199, 200 (1910). 
+ Physical Review, xxxi. p. 214 (1910). 


706 Prof. J. E. Ives on the Absorption of 


rubber cylinder; m, cross-section of parabolic mirror of 
sheet zine ; and d, the wooden support. 

According to the experiments of Weber * and others, the 
wave-length of the waves emitted by the sender would be 
changed during their passage through the tubes, owing to 
the fact that a tube has a natural vibration of its own. 
According to Weber, the wave-length of the free vibrations 
in a tube is equal to 3°415 times the radius of the tube. 
In this case, therefore, the length of the waves due to the 
free vibrations of the tubes would be 17 cm. So that even 
if the length of the waves, due to the sender, was changed 
in passing through the tube, it would still be short. 

R, and R, (fig. 1) were the receivers. They were each 
4-4 cm. long, and made of two pieces of copper wire 
"0285 cm. in diameter joined together by a thermoelectric 
junction made of iron and constantan wires, each 0208 mm. 
in diameter, soldered at the junction. The wires going 
from the junction to the galvanometer were led out side by 
side through the centre of its wooden support. The fine 
wires forming the junction had a total length of about 4mm. 


Fig. 3. 


Receiver. A. front view: B. side view. 


The receiver is shown in detail in fig. 3, where A is a 
front view and B is a side view. aa are the copper wires 


* Ann. Phys, viil. p. 743 (1902). 
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forming the linear receiver ; j, thermoelectric junction ; 
g, wooden rod supporting the receiver ; m, cross-section of 
parabolic mirror ; d, wooden support; and Jl copper wires - 
leading to the galvanometer. The wires a and / are con- 
tinuous, being made of one and the same piece of wire. 

As already stated, each receiver was connected to one of 
the two coils, G, and G, (fig. 1), of the galvanometer, in 
such a manner that the thermoelectric currents passing 
through the coils produced nearly equal and opposite effects 
upon the needle of the galvanometer when the air in both 
tubes was at atmospheric pressure. 

The tubes T; and T, were placed so that their axes were 
horizontal ; and the sender, 8, and the receivers, R, and R,, 
were placed vertically and approximately in the focal lines 
of the cylindrical parabolic mirrors, P, P, and P, respectively. 
The mirror P had a focal distance of about 3°7 cm. and an 
aperture of 24 cm.: P, and P, were of course alike, and 
each had a focal distance of about 3:0 cm. and an aperture 
of 13 cm. ‘The mirrors were made of sheet zinc, and each 
was 20cm. high. Hach receiver was enclosed in a small 
box made of asbestos paper to protect it from changes of 
temperature. 

I (fig. 1) is the induction-coil used to charge the sender, 
M is a rotating mercury interrupter, and ¢ is a small olass 
tube leading from T, to a Gaede rotating mercury pump. 
The pressure e within T, was read by one of three manometers : 
for high exhaustions by means of a Macleod gauge; for 
low exhaustions by means either of an open mercury mano- 
meter or of a closed U-shaped manometer. T, was not 
hermetically sealed, and therefore the air in it was always 
at atmospheric pressure. 

The experiments were carried out as follows. The tube 
T, was filled either with air or with water-vapour. In some 
cases radium bromide in open vessels was placed within the 
tube. It was then slowly exhausted and readings taken of 
the pressure for every few centimetres, millimetres, or 
fractions of a millimetre. 

Long series of readings were made, first with air alone, 
then with water-vapour alone, and then with air in the 
presence of radium. 

When experimenting with water-vapour, the air was 
pumped out of the tube until what was lett had a pressure of 
"0017 cm. Water-vapour was then introduced into the tube 
until the pressure had risen to 1°50 cm. The tube was then 
again gradually exhausted, and- readings of he deflexions 
taken for decreasing pressures. 
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In no case was I able to detect, within the limits of 
accuracy of the experiment, any absorption of the waves. 

Some of the typical results are given in Table I. The 
pressure is given in centimetres of mercury, and the gal- 
vanometer deflexion in centimetres. For every value of the 
pressure three independent readings of the galvanometer 
deflexion were taken when the waves were sent through the 
tubes. The mean of the three readings is the value given in 
the table. 

The two thermoelectric junctions, as already stated, were 
so connected to the galvanometer that they produced nearly 
equal and opposite deflexions. The deflexion due to one 
junction alone was equal to about 2°5 cm. The deflexion 
due to R, was positive and slightly greater than that due to 
R», which was negative. Consequently, if any absorption of 
the waves had taken place in T,, it would have been indicated 
by an increase of the differential deflexion of the galvano- 
meter. It is evident, I think, from the table that a constant 
increase or decrease of the deflexion of ‘10 cm. could have 
been easily detected. Therefore the absorption, if it exists, 
must be less in all the cases examined than 4 per cent. of the 
whole radiation passing through the tube in a length of 
44-5 cm., or less than one-tenth of one per cent. for a length 
of one centimetre, and we would probably be safe in saying 
that it must be less than half of this. 

The variations which can be observed in the individual 
deflexions are probably due, in the main, to slight changes 
of temperature upsetting the balance between the two ther- 
moelectrie currents. It was for this reason that, after 
trying other arrangements, I finally placed the two tubes 
side by side, bringing the two receivers as close together as 
possible. As is well known, one of the difficulties in work 
with short electric waves is to obtain a receiver whose 
readings will be constant. The present experiment, in which 
the readings represent very small differences between two 
readings, presents unusual difficulties. 

When the radium was used in the presence of air at 
different pressures, it was put in three watch-glasses placed 
at equal distances alone the tube, so that it would be in 
direct contact with the air. In this way its ionizing eftect 
was greatest. About one gram of radium chloride was used, 
having an activity of about 7000. 

Before beginning the experiments on the effect of varying 
the density of air in the presence of radium, some preliminary 
experiments were made in the endeavour to detect some 
effect due to the presence of radium when the air was at 
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atmospheric pressure. To this end the plate covering the 
end of the tube T, nearest to the sender S was removed, 
and the radium in an open glass dish, a crystallizing dish, 
was alternately put in and taken out of the tube, and the 
deflexions observed in both cases. No difference in the 
deflexion for the two cases was found except that which was 
due to the presence of the glass dish itself. It was found 
that the dish itself obstructed the waves to a eertain extent. 


SUMMARY. 


The results show that for electric waves about 10 cm. long 
passing through air at pressures ranging from 76 em. to 
‘OOL em. of mercury, and through water-vapour at pressures 
ranging from 1:50 em. to -015 cm., the absorption of the 
energy of the waves by the air, if it exists, must be less than 
one-tenth of one per cent. per centimetre. 

This was also found to be true when the air was ionized 
by radium chloride placed in open vessels within the tube. 
This would indicate that the ionization of the air by radium 
produces, if any, only a very small effect upon its absorbing 
power for electric waves about 10 centimetres long. 

In conclusion, I wish to acknowledge the great aid 
received in this research from a grant from the Bache Fund 


of the National Academy of Seiences for the purchase of 
apparatus. 


University of Cincinnati, 
May 1912. 


LXXIII. The Evistenee of Uranium Y. 
By ALEXANDER Fiecr, B.Sc.* 


HE only direct disintegration product of uranium tbat 

is actually known is uranium X, but Antonoff+ described 
some experiments which, he thinks, show the existence of 
a new substance. As it is present in exceptionally small 
quantities he concludes that it is a branch product whose 
parent is uranium. The work, of which a short description 
is given below, was undertaken to attempt to confirm the 
existence of this new body. 

Uranyl nitrate, which was known to have contained 
thorium but which was thought to have been purified by 
treating twice with excess of ammonium carbonate, was 
employed to repeat Antonoft’s experiments as nearly as 


~ #% Communicated by IF. Soddy, F.R.S. 
+ Antonoff, Phil. Mag. [6] xxii. p. 481 (1911). 
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possible. It was not possible to repeat his experiments by 
what he called the “ferric method,’ which consisted in 
boiling a uranium solution which contained a small quantity 
of aniron salt. According to Antonoff the iron should be 
precipitated as hydroxide and should contain uranium X and 
the new substance, uranium Y. 

If, however, uranium X was removed with iron* by 
boiling a solution, in excess of ammonium carbonate, of 
uranium containing iron, the product when measured in an 
electroscope with a 0:0034 mm. thick aluminium base gave 
an effect very similar to the one described by Antonoff. 
When measured in an electroscope with a 0'1 mm. thick 
aluminium base, the activity of this product decayed normally 
with the period of uranium X. Attempts were now directed 
to obtaining this quickly decaying substance free from 
uranium X, and it was found that by precipitating lead as 
lead sulphide in an acid solution of the active product of the 
ammonium carbonate treatment, the precipitate contained 
active material which, on examination, was shown to be 
thorium B. When the iron in the filtrate was reprecipitated 
as carbonate, it contained uranium X which decayed 
normally. 

Efforts were made to purify the uranium salt from thorium 
(a) by shaking the uranium containing water of crystallization 
with ether and separating the aqueous from the ethereal 
layer, (b) by precipitating with dilute oxalic acid and 
allowing to stand overnight, and (c) by precipitating with 
ammonium sulphide and shaking the precipitate with dilute 
hydrochloric acid. After these various methods of treatment 
and allowing time for any quantity of thorium X which had 
collected to decay, the presence of thorium B could still be 
detected, although of course in much smaller amount. 

After this, uranyl nitrate which had been separated by 
Soddy t from uranium X, and therefore from any thorium 
initially present, and which had been through the ammonium 
carbonate treatment many times, was used, and no rapid 
initial decay in the uranium X preparation was observed. 

An attempt was then made to concentrate the substance 
by an experiment which does not seem to have been made 
by Antonoff. According to him, uranium Y is precipitated 
in ferric carbonate but not in barium sulphate. If, then, 
we have uranium X and Y in ferric carbonate, dissolve both 
in dilute acid, add a trace of barium and precipitate that 
with sulphuric acid, then, all the uranium X, in the absence 


* Crookes, Proc. Roy. Soe. Ixvi. p. 409 (1900). 
t Soddy, Phil. Mag. [6] xviii. p. 858 (1909). 
3C2 
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of thorium, will be adsorbed * in the barium sulphate, whilst 
the uranium Y will be left in solution. If it exists it ought 
to be obtained in a pure condition on reprecipitating the iron 
as carbonate. When this was done, only a small residual 
activity due to uranium X was obtained, and no trace 
whatever was found of any substance producing either soft 
8 or « rays whose period was 1°5 days. 

These experiments were repeated many times under 
varying conditions, but never was anything observed which 
would lead to the conclusion that a short period body existed 
whose parent was either uranium 1 or 2. 


Conclusion. 


All attempts to confirm the existence of the substance 
called uranium Y were unsuccessful. 

I wish to take this opportunity of thanking Mr. FI’. Soddy, 
T’.R.S., for his interest and advice throughout the course of 
the work. 


Physical Chemistry Department, 
Glasgow University. 
fi March, 1913. 


LXXIV. The Growth of Radiothorium from Mesothorium 2. 
By Joun A. Cranston, B.Sc., Robert Donaldson Scholar fT. 


HE object of this research was to establish whether or 
not there exists an intermediate body between meso- 
thorium 2 and radiothorium{. Additional interest is Jent 
by the fact that radiothorium corresponds with ionium, the 
parent of which is experimentally unknown. The growth of 
a activity from a quantity of pure mesothorium 2 was 
observed. 


A theoretical curve for this was calculated, making the 
following assumptions :— 


(1) That mesothorium 2 gives no a rays. 

(2) That mesothorium 2 disintegrates directly into radio- 
thorium. | 

(3) That during the course of the experiment (1 month) 
the amount of radiothorium present does not de- 
crease appreciably by its own disintegration. 

(4) That thorium X, thorium emanation, and thorium A 
disintegrate together. 

(5) That thorium B and thorium C disintegrate together. 

* Fleck, Journ. Chem. Soc. 103. p. 881 (1918). 


+ Communicated by F. Soddy, M.A., F.R.S. 
{ Hahn, Phys. Zert. ix. p. 246 (1908). 
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The percentage of the total ionization due to one & ray of 
each of the series was calculated from Geiger’s* formula, 
the figures being corrected for the magnet electroscope used 
—the equivalent of 1°5 cm. of air being subtracted from the 
range. 

At a distance 2 along the range, the ionization 7 is 


= a(R—2)3 
where a is a constant. 
Then . : 
Iy5 = &(R—1°5)3. 


This gives for the series :— 


BARBED Hi lvnu% preul pad 
MERA ME ah al AE Ay Bs 
ThEm oh cst tk wet 589 
NARI a Nexto slton ud i4h. “oe9 
SS ee ee Sere ee 
Modes ee ella) sie aT 


The @ radiation is thus proportional to 
14°2,B + 58°3A3C + 27°5A;H, 


where B, OC, and E are the amounts, and A,, A=, and A; are 
the radioactive constants of RaTh, ThX, and ThC re- 
spectively. By calculating the amount of B, C, and HE 
present at any time in terms of their exponential functions 
we get the ionization given by 


I <A k[ 57-6 —7-6e" —55-6e + bg thea © 


where & is a constant and Ay, As, and A, the radioactive con- 
stants of MesoTh 2, ThX, and ThB respectively. 

The mesothorium 2 was obtained in the following 
manner :—The chemical methods were worked on the basis 
of its analogy to actiniumf. To a solution containing 
mesothorium 1 associated with about 100 gms. of barium 
chloride a few drops of thorium nitrate were added in acid 
solution and the thorium precipitated out again by ammonia. 
This brought down the mesothorium 2, the radiothorium, 
and the thorium B and C present. The thorium and the 
radiothorium were removed by dissolving the precipitate in 
the smallest quantity of acid, neutralizing, and adding 


* Proc. Roy. Soc. A. Ixxxiii. p. 513 (1910). 
+ Fleck, Trans. Chem. Soe. citi. p. 881 (1913). 
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hydrogen peroxide. ‘The value of various reagents in 
effecting this separation was found as follows :— 


Percentage of Meso- 


Reagent. thorium 2 separated. 
PATO USI av acd eaten aman 
Methylamine . . JOY covey halal 


m-Nitro-benzoie Acid . . . 100 
ammount ydrazoatey 7... ode 
Hydrogen Peroxide... . .. 100 


The hydrogen peroxide removes most of the ThB and part 
of the ThC, but the last traces of these were removed by 
adding lead and bismuth and precipitating out with H.S 
several times. The filtrate was then evaporated down to 
dryness and the ammonium salts ignited, leaving on a silver 
tray a film of pure mesothorium 2. This tray was placed 
between the poles of an electromagnet above which was an 
electroscope. ‘The brass base of the electroscope had a slot 
cut out of it the size of the tray (77 cm.xl4em.). A 
sheet of aluminium foil (thickness ‘00035 cm.) covered the 
slot. The electroscope was provided with a mica screen 
which could be slipped over the slot so as to absorb all the - 
a rays without appreciably affecting the @ or y activity. The 
difference between two measurements made, one with the 
mica off and one with the mica on (both being made with 
the magnet on to deflect the 8 rays) gave the @ activity. 


60 


Oo ACTIVITY IN AIA. 


0 200 400 600 
Jimeé 1N HOURS. 
The variation of the 2 activity with time is shown in the 
figure, experimental points being indicated by the circles. 
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The scale of the « activities was chosen so that the experi- 
mental point 220 hours from the start lay on the theoretical 
curve. It will be seen that, while the curves do not agree 
for the first few hours, the subsequent close agreement esta- 
blishes the fact of the direct growth of radiothorium from 
the mesothorium 2. 

Harlier experiments showing a greater initial drop in the 
activity were shown by the absorption-curves to be due 
largely to ThB and ThC present. Further observations 
were made of the activity during the first few hours after 
precipitation, when the electroscope was filled with hydrogen. 
This minimized the effect of the large quantity of @ and 
y rays present, and increased the effect of the small a present. 
The curve obtained showed an initial activity relatively 
slightly less than that obtained in air, but was otherwise 
similar. 

The difference-curve being approximately an exponential 
curve with the period of mesothorium 2, suggests the possi- 
bility of some of the atoms of mesothorium 2 disintegrating 
with the emission of an @ ray. The number of these, how- 
ever, must be very small, and is shown by these curves to be 
less than 3 in 10,000. Owing to the similarity of period of 
mesothorium 2 and thorium B, it is difficult to make quite 
sure that the initial decay of the « rays occurs with the same 
period as that of mesothorium 2, and the point is left open 
for further examination. 


I desire to thank Mr. F. Soddy, M.A., F.R.S., for sug- — 
gesting this research, for the interest he has shown in it, and 
‘ for the use of materials employed in carrying it out. 

Physical Chemistry Laboratory, 


Glasgow University. 
3 


LXXV. The Relative Visibility of the Different Colours of the 
Spectrum. Being a Report of a Committee on that subject 
appointed by the Physical Society of Glasgow University*. 
By R. A. Houstoun, Ph.D. 


T is well known that light in the middle of the spectrum 
is much brighter than light at the ends for the same 
intensity of radiation in ergs/sq.cm.sec. The brightness of 


* The Physical Society of Glasgow University is a students’ society. 
The experiments described in the above paper were taken up by a 
committee, and the work was done by the following :—Miss Maret. 
B. Moir, M.A., B.Sc., and Messrs. A. R. Brown, M.A., B.Se., John 
Brown, M.A., B.Sc., F. F. 8S. Bryson, M.A., and A. S. Morrison, 
M.A., B.Sc. 

+ Communicated by Dr. R. A. Houstoun. 
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any part of the spectrum in candles/sq.cm. divided by the 
intensity of radiation in ergs/sq.cm.sec. may be defined as 
the visibility of that part. To determine the relative visi- 
bility of the different parts of the spectrum we must deter- 
mine the luminosity curve of the spectrum, | and the 
distribution of energy throughout it. This paper * describes 
the first determination that has been made of the relative 
visibility of light of different colours to the average human 
eye. Previous observers have contented themselves with 
luminosity curves alone, without specifying the distribution 
of energy in the spectrum (Sir Wm. Abney), or if all the 
data have been given, it is only for one observer (Prof. A. 
Konig’s results reduced by P. G. Nuttingt). The relative 
visibility of the different colours of the spectrum is of course 
important with reference to heterochromatic photometry. and 
the definition of lightf. 

The number of people who made complete tests was 52, 
most of whom were honours students in physies., The 
experimental work fell into two parts: (1) the taking of the 
luminosity curves for each person tested, and (2) the deter- 
mination of the distribution of energy in the spectrum, which 
had only to be done once for all. 

A considerable time was spent choosing an apparatus for 
taking the luminosity curves. Abney’s well-known method 
was experimented with and rejected, because it is very 
wasteful of light, and requires an are or Nernst filament as 
source, and these sources were not considered constant 
enough for a long series of tests such as was contemplated. 
Then a spectroscope was employed with its eyepiece removed 
and an aperture substituted. The eye of the observer looking 
in then saw a face of the prism illuminated in monochromatic 
light; the lower part of the prism was covered with a white 
card illuminated from the side, and the intensities of the 
card and prism were matched by altering the width of the 
slit. This method was tried also with a Thorp diffraction 
grating instead of a prism, but was rejected owing to its not 
being accurate enough. Tinally, the following original 
method was employed and satisfied all requirements :-— 

A. Hilger constant deviation spectroscope was taken, and 
two little total reflecting prisms were mounted in the eye- 


* Since this paper was written a series of articles by Mr. H. E. Ives 
with the same purpose has appeared in the Phil. Mag. This and the 
following sentence are consequently not true. 

+ Bull. Bureau of Standards, vii. p. 288 (1911). 

+ R. A, Houstoun, Proc. Roy. Soc. A. Ixexv. p. 275 (1911). 
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piece, as shown in the figure (fig. 1). The edges A were ground 
extremely sharp, and were slightly less than ;'9 mm. apart. 


Fig. 1. 
B A ne 
HN SA M 


B and C are holes in the tube, and opposite these holes were 
little plane mirrors with universal motion, which reflected 
on to the prisms the rays from a white comparison surface 
situated above and beyond the spectroscope prism. The 
eyepiece was focussed on the two edges. An eye looking 
into the eyepiece saw, therefore, a strip of spectrum bounded 
sharply on each side by white surfaces. The luminosity of 
the strip of spectrum was measured by closing the slit until 
it was equally bright with the two white patches on each 
side of it. The strip of spectrum subtended at the eye an 
angular height of about 9° and a breadth of about 1°. 

The spectroscope prism was covered with a cardboard case 
to keep out stray light, and the slit supplied with the 
instrument was replaced by a better quality micrometer one. 
Also it was found necessary to insert screens in the telescope 
and collimator tubes to stop reflexion at grazing incidence 
from the sides of these tubes; this was at first a source of 
trouble when work was done at the ends of the spectrum. 

For sources of light two 125 volt, 16 candle-power, carbon 
glow-lamps were taken. They were run in parallel off 
storage-cells, and the voltage was always checked before 
every test. One of these lamps, which we shall call A, was 
enclosed in a box with a ground-glass window immediately 
in front of the spectroscope slit; the other, lamp B, was 
used for illuminating the white comparison surface, and was 
placed in a gauze screen 92 or 155 cm. behind the latter. 

The luminosity curves obtained were those of lamp A as 
modified by the spectroscope employed. Under this modifi- 
cation is included the different absorption undergone by the 
different colours of the spectrum in passing through the glass 
of the instrument, and also the different extension of the 
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various parts of the spectrum, because the latter of course 
was not a normal one. 

The lamp A was compared with a Hefner lamp at its 
normal voltage by means of a spectrophotometer, and the 
final results are expressed in the second column of the follow- 
ing table. This column gives ratio of lamp A to Hefner 
lamp, and we see that lamp A is stronger at the blue end. 
The distribution of energy in the spectrum of the Hefner 
lamp has been determined by K. Angstrém*, and he has 
represented his results by the formula 


7°85 
oh et oY 
Nore ; 


where AX is measured in pw. This function is given in the 
third column of the table. On multiplying the second and 
third columns we get the original distribution of energy in 
the spectrum of lamp A. To allow for the different absorp- 
tion of light in the spectroscope the slit and eyepiece of the 
latter were removed, and a beam of light which passed 
through the spectroscope and an additional lens and ground 
glass was compared by the spectrophotometer with another 
beam from the same source, which was twice reflected by 
mirrors, and passed through a similar ground glass. The 
results are shown in the fourth column. The figures are 
proportional to the percentage transmitted, and they show 
that the blue end of the spectrum is absorbed to a greater 
degree than the red end. The figures in the fourth column 
are of course not quite beyond question, as the one beam 
went through an additional lens instead of the eyepiece, and 
the other beam was probably slightly affected by the two 
mirrors, but there was no other way of measuring this 
quantity, and the absorption almost all takes place in the 
prism. It should be noticed that it is only the relative 
values, not the absolute values of the figures in the second, 
third, and fourth columns that have any meaning. 

To allow for the spectrum being prismatic we have to 
make the ‘ slit-width ” correction, 2. ¢., multiply the distri- 


bution of energy by = which gives the inclination of the 


tangent to the calibration curve of the spectroscope. The 
spectroscope was one of the earlier ones not furnished with 
a wave-length scale, and s was the reading of the prism 
drum in hundredths of a revolution. The fifth column 


»and the sixth column gives the product of the 
* Phys. Rev. xvii. p. 312 (1903). 
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second, third, fourth, and fifth columns, that is, the distri- 
bution of the energy in the spectrum as seen through the 
eyepiece of the spectroscope. 


470 pup | 208 | 2-57 HCISn ine thee 3°74 
490 | 1:87 417 1:63 | ‘DT pony 
| 530 1:67 9-33 1:30 | * -80 29-4. 
70 1°59 18:2 1:98 1:00 57°3 
GIO |. 1-50 30°9 2:03 1°14 107 
650 1:46 513 215 33 215 


In order to measure the influence of the Purkinje effect 
luminosity curves were taken at two intensities for every 
observer. The procedure on making a test was as follows. 
First of all the gentleman supervising the test saw that the 
voltage on the two lamps was right, that the instrument was 
in adjustment, that the lamp B was in the first standard 
position 92 cm. from the white comparison surface, and that 
the lamp A was in its box in a standard position near the 
ground glass. The intensity of the illumination falling on 
the eye was then about one half metre-candle. The slit was 
then set in succession at four standard widths, and for 
each of these widths, on each side of the brightest part 
of the spectrum, wave-lengths were sought for which the 
intensity of the spectrum matcned the intensity of the 
white surfaces. Thus eight points were obtained on the 
luminosity curve. Then for a wave-length midway between 
the middle points already obtained the width of the slit 
was diminished until the intensities matched, and an addi- 
tional point thus obtained. This whole procedure was then 
repeated twice for two other positions of the lamps A and B, 
for which the intensity of illumination was g)5 metre- 
candle, and finally was repeated a fourth time for the 
original intensity, so that in all four luminosity curves were 
obtained each with nine points on it, two for a strong 
intensity and two for a weak intensity. At the end of every 
test the position of the sodium line was read. The obser- 
vations were entered on cyclo-styled sheets and the curves 
plotted to a standard scale, strong intensity in black and 
weak intensity in red. The complete set of readings took 
three hours or more. 

In order to get the average luminosity curves the mean 
of each observer’s two ‘‘strong”? and the mean of each 
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observer’s two “ weak” curves was taken, and the reciprocal 
of slit-width plotted against s, the drum reading. This gave 
two prismatic luminosity curves for each observer. These 
curves were integrated and then replotted, with their ordi- 
nates shortened or lengthened, so as to make their areas the 
same. This was done so that they would all contribute in 
the same degree to the average. The average of all the 
strong intensity curves and of all the weak intensity 
curves was then taken, and they are shown in the following 
diagram (fig. 2) :— 


Fig. 2. 
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The full curve is for the illumination of 4 and the broken curve for 
the illumination of ;4, metre-candle. 
The diameter of the pupil of the eyepiece was 7 mm. 


The extreme red is not given, as it was found in the course 
of the tests that tie readings on the drum were not reliable 
for that part of the spectrum, owing to the spring for 
rotating the prism becoming slack there. The maxima of 
the curves are situated at 576 and 560 wy. 

The sixth column of the preceding table was then plotted 
as a function of s, the drum reading, and the ordinates of 
the energy curve thus formed divided into the corresponding 
ordinates of the two luminosity curves. The result gave the 
two visibility curves shown in the next diagram (fig. 3). To 
determine the shape of these curves was the purpose of the 
investigation. 

The broken curve is for the weaker intensity, and is plotted 
only on half the scale of the stronger intensity curve. The 
maxima for both curves was further towards the violet than 
had been anticipated, and the energy curve had to be extra- 
polated in the violet. However, extrapolation gives as great 
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accuracy in this region as measurements would give, because 
it was found impossible to get figures for the second and fourth 
columns of the preceding table for this region. 


Fig. 3. 
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According to our results, then, at an illumination of 
s metre-candle, the maximum visibility is at 502 wp, and at 
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an illumination of gg metre-candle the maximum visibility 
is at 466 py. 

Three hours was not long enough to obtain regular 
luminosity curves from one observer. Hence, although 
the mean was certainly accurate for the average eye, the 
individual curves were only approximate for the individual 
eyes. 

All the observers tested had normal colour vision. Two 
. had the shape and position of the “strong” and “ weak” 
luminosity curves exactly the same. This is supposed to 
denote no rod vision. The women students tested, of whom 
there were nine, showed no systematic dfference from the 
men. 


h gy 


LXXVI. The Analysis of the Gamma Rays fron Radium B 
and Radium C. By Professor H. Rurwerrorp, F.K.S., 
and H. Ricnarpson, B.Sce., Graduate Scholar, University 
of Manchester*. 


T has long been recognized that the penetrating y rays 

emitted by a y ray salt were complex in character. 

The examination of the radiation has been made by the- 
electric method in two ways : 

(1) by measuring the absorption of the y rays in different 
materials over a wide range of thickness ; 

(2) by an examination of the absorption of the secondary 
and scattered y rays which appear when y rays traverse 
matter. 

Initial experiments on the absorption of the y rays of 
radium by different materials were made by Rutherford f 
and McClellandt. These were extended by later investi- 
gations of Eve §, Tuomikoski ||, Wigger{], and 8S. J. Allan**. 
‘he experiments showed that the absorption of the y rays 
in lead rapidly decreased for the first two centimetres of 
thickness, but became approximately exponential for greater 
thicknesses. The whole question was re-examined with great 
detail and thoroughness by Mr. and Mrs. Soddy and 
A. S$. Russell tf, who determined the absorption of the 

* Communicated by the Authors. 

+ Rutherford, Phys. Zetts. ili. p. 517 (1902), 

t McClelland, Phil. Mae. viii. p. 67 (1904). 

§ Eve, Phil. Mag. xvi. p. 224 (1908) ; xviii. p. 275 (1909). 

|| Tuomikoski, Phys. Zeit. x. p. 372 (1909). 

q Wigeger, Jahrb. Radwakt. i. p. 480 (1905). 

** Allan, Phys. Rev. xxxiv. p. 311 (1912). 

tt Soddy and Russell, Phil. Mag. xviii. p. 620 (1909); Mr. and 
Mrs. Soddy and Russell, Phil. Mag. xix. p. 725 (1910); Russell, Proc. 
LOY Soc. A. lxxayi.p. 240 (i941), 
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y rays in a number of materials and investigated the effect 
of different arrangements on the apparent value. of the 
absorption coefficient. They found that the absorption of 
the y rays by lead was accurately exponential for a very 
wide thickness, viz. from 2 to 22 cm., and concluded that 
over this range of thickness the y rays were to be consi- 
dered as homogeneous in type. ‘These results were confirmed 
and extended by Russell, who showed that the y rays from 
radium were absorbed by mercury over a range of thickness 
from 1 to 22°5 em. strictiy according to an exponential law. 
Over this range of thickness the intensity of the ionization 
current in the testing vessel, which served as a measure of the 
intensity of the y rays, varied in the ratio of 360,000 to 1. 

From an examination of the quality of the secondary 
y rays set up in different materials by the y rays, Kleeman * 
considered that the primary y rays from radium could be 
divided into three types of widely different penetrating 
power. In similar experiments Madseny found evidence of 
two types. On the other hand, Florancet, who examined 
the character and intensity of the secondary and scattered 
y rays from radiations of different materials at various angles 
for the primary beam, concluded that the y rays were very 
complex in character and that no definite evidence could 
be obtained by this method of the existence of distinct 
groups of primary rays. 

It was at first supposed that the penetrating y rays 
emitted by a radium salt arose entirely from the transfor- 
mation of its product radium ©. Moseley and Makower §, 
however, showed in 1912 that radium B also emitted y rays, 
although weak in intensity and penetrating power compared 
with those emitted from radium C. Even if radium © 
emitted only one type of radiation, it was clear from this 
result that the y rays from a radium salt must contain at 
least two types of y rays. In the meantime, the work of 
Barkla on X rays had shown conclusively that each of the — 
elements emitted one or more types of characteristic or 
fluorescent radiations when X rays of suitable penetrating 
power traversed them. In some of the elements two types 
of characteristic radiations were observed. J. A. Gray || 
extended these results to y rays, for he found that the y rays 
emitted by radium E were able to excite the characteristic 


* Kleeman, Phil. Mae. xv. p. 638 (1908). 

+ Madsen, Phil. Mag. xvii. p. 428 (1909). 

tT Florance, Phil. Mag. xx. p. 921 (1910). 

§ Moseley and Makower, Phil. Mag. xxiii. p. 312 (1912). 
| Gray, Proc. Roy. Soc. A. Ixxxvii. p. 489 (1912). 
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radiations of certain elements. His results showed, as had 
long been supposed, that the y rays were identical in general 
properties with X rays and possessed the fundamental pro- 
perty of exciting characteristic y rays. Ina paper entitled 
“The origin of 8 and y rays from radioactive substances,” 
Rutherford * put forward the view that the y rays from 
radioactive substances were to be regarded as the charac- 
teristic radiations of the respective elements set up by the 
escape of a or @ rays from them. On this basis an expla- 
nation was given of the numerous groups of homogeneous 
8 rays emitted by radium B and C, and their connexion with 
the y rays was outlined. If this were the case, each type of 
characteristic radiation emitted should be absorbed according 
to an exponential law by an absorbing substance of low 
atomic weight like aluminium. 

The present experiments were undertaken with a view of 
testing this hypothesis. It will be seen that this analysis 
brings out that the y radiation from radium B consists of at 
least two and possibly of three distinct types, and from 
radium C of a single type, probably corresponding in pene- 

trating power to the characteristic radiations to be expected 
from elements of their atomic weight. 


Haperimental Arrangement. 


In the preliminary investigations the source of y rays 
consisted of about 50 millicuries of radium emanation enclosed 
in an @ ray tube with thin walls. The thickness of glass was 
equal mm stopping power for a rays to about 2 cm. of air. 
In order to get rid of the effect of the primary 8 rays, the 
source was placed between the pole-pieces of a powerful 
‘a electromagnet. The y rays passed horizontally into a thin- 
~- swalled ionization vessel (3 x 5x7 cm.) CD, fig. 1, placed at 
~ the side of the electromagnet, in which the ionization was 

‘measured in the usual way by means of an exhausted electro- 
scope E of dimensions 5x5x5cm. The ionization produced 
by the y rays in the electroscope EH was negligibly small 
compared with that produced in the ionization vessel CD. 
The sides of the vessel CD, through which the y rays passed, 
consisted of thin sheets of mica equivalent in stopping-power 
for the « particles to about 2 cm. of air. This was done in 
order to increase relatively the ionization due to the softer 
y rays that might be present. The inside of the vessel was 
lined throughout with aluminium. In most experiments the 
pole-pieces: of the electromagnet were about 2 cm. apart. 


* Rutherford, Phil, Mag. Oct, 1912. 
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The source of y rays was in all cases more than 9 cm. dis- 
tant from the vessel CD. The absorbing metal screens were 
placed between the pole-pieces of the magnet close to the 
source. The 9 rays escaping from the absorbing material 


Fig. 1, 


SECTION OF POLE PIECE 


were removed by the magnetic field before entering the 
ionization vessel. The y rays which entered the ionization 
vessel passed nearly normally through the absorbing screens, 
so that no correction for obliquity was necessary in deter- 
mining the absorption coefficient of the rays. 

Preliminary experiments showed that if the ionization 


vessel were filled with air, the effect of the penetrating 


y rays from radium C was large compared with that due to 
the softer types of radiation that were present. When air 
was used, the reduction of the ionization by using absorbing 
screens of aluminium of different thicknesses is shown in 
fiv. 2 A (p. 726), where the logarithms of the ionization are 


plotted as ordinates and the thickness of aluminium as 


abscissze. It will be observed that in this case there isa 
rapid drop of the ionization corresponding to about 10 per cent. 
of the whole effect. 

In order to bring out prominently the effect of the softer 
types of y radiation present, the vapour of methyl iodide 
was used instead of air. As it was impossible to exhaust 
the ionization vessel on account of the thin mica covering of 
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the sides, the vapour was introduced by means of a slow 
current of hydrogen which bubbled through the liquid. 
Under these conditions, the ionization vessel was filled with 
a mixture of hydrogen and vapour of methyl iodide at atmo- 
spheric pressure. ‘lhe ionization in the vessel was almost 
entirely due to the methyl iodide, and for the hard y rays 
from radium C was usually about three times as great as for 
air at atmospheric pressure. Some difficulty was at first 
experienced on account of the absorption of the vapour by 
the wax used in fixing the mica plates and in sealing the 


oF : 
CMS. OF ALUMINIUM. 


various parts of the vessel. This effect was got rid of by 
reducing the amount of wax to a minimum, and covering it 
with a non-absorbing layer of gum. This was kindly pre- 
pared for us by Dr. Lapworth, F.R.S., by special treatment 
of the ordinary gum sold commercially. By this method 
the absorption of the vapour was so much reduced that 
measurements extending over several hours could be made 
with certainty and accuracy. 

The absorption curve using methyl iodide instead of air 
is shown in fig. 2B. An absorbing screen of 1°6 mm. of 
aluminium reduced the ionization to about 50 per cent. It 
will also be seen that the latter part of the absorption curves 
A and B are not linear and are not parallel to one another. 


—— 
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This will be shown to be due to the fact that two penetrating 
types of radiation are present, the relative ionizations of 
which differ in air and in methy!] iodide. 

After passing through about 6 em. of air, the absorption 
curves, both for air and methyl iodide, became exponential 
with a value of the absorption coefficient w=0-°115, or 
p|/D=0:0424, where D is the density. ‘This is practically 
identical with the absorption coefficient found by Russell 
and Soddy for the y rays from radium C after passing 
through 2 cm. of lead. The absorption curve of the y rays 
for thicknesses of aluminium between -05 and 7 cm. is shown 
in fig. 3, where the ionization itself is plotted as ordinates. 

Fig. 3. 


JONIZATION 


2 3 nN 5 6 7 
CMS. OF ALUMINIUM. 

After 6 cm. of aluminium the curve is exponential with a 
value of #='115. It will be shown later that the absorption 
curve in aluminium of the y rays from radium C is practi- 
cally exponential from the beginning with a value of 
w=07115. Consequently, if the curve is produced back- 
wards from a thickness of 6 em. corresponding to radiations 
for which w='115, it gives the ionization due to the y rays 
from radium (! alone. This is shown in the dotted curve 
fiz. 3. If the difference between the ordinates of these 
curves be plotted, it is found to be an exponential curve with 
a value of w=0°51 in aluminium. This radiation 1s un- 
doubtedly due to radium B. A similar result was obtained 
wien air was used instead of methyl iodide, but the effect 
due to this radiation is relatively smaller compared with that 
from radium C. 


o D2 
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Analysis of the soft radiation. 
In order to find the absorption coefficient of the very soft 
radiation, which is shown so prominently in fig. 2 B, sheets 
of aluminium °042 and :084 mm. thick were used. The 


curve obtained is shown in fig. 4. In deducing the ioniza- 
tion due to these soft rays, it is necessary to subtract the 


Fig. 4. 
Absorption of y rays from radium B+C. Initial portion 
of curve A=40. 
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ionization due to the harder rays. ‘This can easily be done 
since the absorption of the harder rays over the thickness of 
1°51 mm. of aluminium is practically linear. The difference 
curve is. exponential and gives an absorption coefficient in 
aluminium w=40. The source of vy rays in this case was 
about 15 cm. from the ionization chamber. In these ex- 
periments, the pole-pieces were covered with thick card- 
board in order to reduce the excitation of secondary y rays 
to a minimum. With the bare pole-pieces close together, 
the radiation entering the ionization vessel was distinctly 
softer with a value of w between 40 and 45. 


Attempts to detect very soft y radiation. 

Special experiments were made to examine whether 
radium B or radium OC emitted any very soft types of y 
radiation in addition to the type already discussed for which 
w=40. In the experiments with the emanation tube, the 
ry rays before entering the ionization vessel passed through 
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absorbing material equivalent in amount to about 14 cm. of 
air. Any very soft type of y radiation which might be 
present would be largely absorbed in traversing this material. 
Jt is essential, however, in the experiments to use sufficient 
absorbing material to stop completely the # rays from 
radium C, which have a range of 7 cm. in air. Since it is 
well known that, for equal masses, X rays pass with much 
less absorption through elements of small atomic weight, 
arrangements were made to absorb the « rays mainly by 
hydrogen and carbon. The source of radiation was the 
active deposit of radium deposited from ‘the emanation on 
both sides of a very thin mica plate. This was placed in 
a brass vessel which was closed at one end by a thin 
mica plate equal in stopping power to 1°5 cm. of air. This 
mica plate also formed one side of the ionization chamber, 
shown in fig. 1. The active matter was deposited on mica 
to avoid the excitation of detectable characteristic X rays. 
For a similar reason, the inside of the brass vessel was lined 
entirely with thick cardboard. A continuous current of 
hydrogen was sent through the brass. vessel. Sheets of 
india-paper were interposed in the path of the rays of just 
sufficient thickness to stop entirely the a rays. The ioniza- 
tion in the detecting vessel filled with methyl iodide was 
then carefully examined when thin aluminium screens were 
introduced. It was’ found that the ionization at first de- 
creased more rapidly than corresponded to an exponential 
law of absorption of the radiation for which »~=40 in 
aluminium. ‘This initial drop could be accounted for by 
assuming the presence of a very soft y radiation for which 
f= 230 about in aluminium. Since the ionization in methyl 
iodide due to this radiation corresponded to only 10 per 
cent. of the total effect, the initial slope of the curve could 
not be determined with much certainty. It is difficult to 
decide whether this soft radiation has an independent 
existence, or whether it is due to an initial drop in the 
absorption curve of the radiation corresponding to u.=40. 
It will be seen later that a rapid initial drop of the absorption 
curve is always observed when lead is used as an absorbing 
material. It is possible that aluminium may show a similar 
effect for a comparatively soft radiation. 

From the rate of decay of this very soft radiation it was 
clear that it arose from radium B. It was always propor- 
tional in amount to the radiation w=40. It should be 
pointed out that decay of the active deposit measured under 
these experimental conditions is initially far more rapid than 
that-caleulated by Moseley and Makower (loc. cit.). - This is 
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due to the fact that radium B initiallv provides about 70 per 
cent. of the total ionization due to radium B+C instead of 
the 12 per cent. observed by Moseley and Makower under 
their experimental conditions with air in the testing vessel. 


Analysis of the rays from radium C. 


Experiments were next made to settle which of the types 
of y radiation were to be ascribed to radium B and which to 
radium C. It is not convenient to use radium B itself as a 
source, as there is a rapid growth of radium C from it. By 
von Lercli’s method, however, it is possible to obtain a strong 
deposit of pure radium C on a meta! plate placed in an acid 
solution of the active deposit radium B+C. Since radium © 
loses half its activity in 19:7 minutes, a large number of 
experiments were necessary to determine with accuracy the 
absorption curves for the y rays emitted from it. The type 
of curve obtained with radium U on nickel is shown in fig. 5. 


Fig. 5. 
Initial portion of RaC curve (on nickel). 
106 
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It is seen that a very soft y radiation is present, but after 
passing through two millimetres of aluminium the absorption 
is exponential with a value of w='115. This soft radiation 
was much more readily absorbed than the y radiation, u.=40, 
obtained when the emanation was used asa source. It thus 
‘seemed probable that this soft radiation was excited in the 
nickel by the radiation from the radium C deposited on it. 
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This conclusion was confirmed by using a deposit of radium C 
on silver instead of nickel. A sufficiently active preparation 
was obtained by using the method outlined by v. Hevesy * 
of placing a silver plate in a silver nitrate solution containing 
the radium B+C in solution. With the silver plate, no 
appreciable amount of soft radiation was observed, but the 
absorption curve in aluminium was exponential from the 
beginning with a value of w=°115. 

There appears to be no doubt that this soft radiation from 
nickel consists mainly of the “characteristic X radiation ”’ 
of nickel excited probably by the a rays, although some rays 
of a more penetrating type were also present. It was 
observed that the amount of this soft radiation varied 
markedly with the orientation of the nickel plate, and was 
much less when the plate was parallel to the face of the 
pole-pieces than when it was perpendicular. Chadwick + 
first showed that y rays were excited by « rays traversing 
different materials. ‘The method employed by him, however, 
was not suitable for the detection of such a soft type of 
y radiation. It is intended to make further experiments by 
the method outlined in this paper to examine whether the 
characteristic radiations of all elements are excited under 
similar conditions. 

A number of experiments were made to test whether 
radium C itself emitted more than one type of radiation. 
For this purpose, the absorption curve in aluminium was 
very carefully examined over a thickness of aluminium from 
0:-2t04cm. Over this range the absorption of the y rays 
appeared to be exponential within the margin of possible 
experimental error with a value of ~='115. No evidence 
was obtained that a radiation for which #=°5 about was 
present. At the same time, it should be pointed out that it 
would be very difficult by direct measurement to detect with 
certainty the presence of a few per cent. of this radiation 
mixed with the more penetrating type for which w="115. 


Absorption of the y rays by Lead. 


In the experiments so far described aluminium has been 
used as an absorbing material. Since it is well known that 
the absorption of y rays in a heavy element like lead is 
abnormal, it was thought desirable to determine the absorption 
curves for this material. 

The curve obtained for pure radium C on nickel is shown 
in fig.6, Curve B. The soft radiation from the nickel was first 

* Hevesy, Phil. Mag. xxiii. p. 628 (1912). 
7 Chadwick, Phil. Mag. xxv. p. 193 (1918). 
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cut out by a thin sheet of lead. The ionization initially fell 
more rapidly than was to be expected for an exponential law 
of absorption, but after traversing 1 cm. of lead the absorp- 
tion of the rays in lead became accurately exponential with 
a value of w=0°50. 

The absorption of the y rays, using the emanation tube as 
a source, was also determined. In this case, before beginning 
the measurements, a thickness of lead was used sufficient to 
absorb completely the y rays for which »=40 in aluminium. 
The curve obtained is shown in fig. 6, Curve A. After a 
thickness of 1'5 cm. of lead the absorption became exponential 
with a value of ~=0°50. Since the radiation ~=0°50 comes 
entirely from radium OC, the curve B (fig. 6) represents the 


Fic. 6. 


OHS. OF LEAD. 
part of the y radiation due to radium C alone. The dif- 
ference curve C given in fig. 6 shows the absorption in lead 
of the y rays from radium B. It is seen that the curve 
shows a rapid initial drop, which is far more marked than 
in the case of radium ©. The value of the absorption 
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appears to vary from p=1l to w=2°8 about, but it is 
difficult by this method to fix the values with much accuracy. 
These results are in general agreement with the experiments 
of Moseley and Makower, who showed that the absorption 
coefiicient of the y rays from radium B for lead varied 
between w=6 and p=4 about. 

It is thus seen that the two types of y radiation which are 
exponentially absorbed by aluminium both show irregular 
absorption curves when lead is used as absorbing material. 
It is intended in a later paper to discuss in more detail the 
relative absorption curves in lead and aluminium, and their 
bearing on the question of the homogeneity of the radiations 
concerned. 


General discussion of results. 


The results of the analysis of the y radiation from radium 
B and radium U are included in the following table. The 
density D of the aluminium was taken as 2°71. 


Absorption Mass absorption Absorption 
coefficient in coefficient in coefiicient in 
aluminium, aluminium. lead. 
: a eka nasty Sue cstate ac 
Radium B...... 4O (em.)—] 14:7 (em.)-1 
PaO Dia i, OSS) 2... varying from 11 
to 2°8 (em.)-1, 
Radium C...... Ould Oss: 00424 _—=C,,, 0:50 (cm.)—1 after 
traversing 1 cm. 
of lead. 


It is seen that radium C emits essentially only one type 
of y radiation, while radium B certainly emits two, and 
possibly three. Ina previous paper, one of us pointed out 
that the rays from radium C correspond in penetrating power 
to the “characteristic X radiation” of the K series to be 
expected from an element of atomic weight 214. The soft 
radiation from radium B (u/D=14°7) undoubtedly cor- 
responds closely in penetrating power to the radiation of the 
L series to be expected from an element of atomic weight 
214. For example, Chapman ™* found that the value of ~/D 
in aluminium for the characteristic X radiation from bismuth 
(atomic weight 208°5) was 1671, while the value of w/D for 
thorium (atomic weight 232) was 8:0. It seems reasonable 
to suppose that the second type of y radiation from radium B 
(u/D=-188) also corresponds to a type of characteristic 
radiation from heavy elements which has not so far been 


* Chapman, Pree, Roy. Soc. A. lxxxvi. p. 439 (1912). 
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observed with X rays on account of the difficulty of ob- 
taining X rays of sufficient penetrating power to excite it. 
It is of interest to note that Chadwick and Russell * have 
found that three types of radiation were excited by the 
a rays in ionium. ‘Two of these types, w/D=85d and 
“/D=0°15, appear to be analogous to the two types of 
radiation from radium B, but it is ; doubtful whether the very 
soft type (u/D=400) ebsorved by them in ionium is given 
out by radium B or radium C, although, as we have seen, 
careful experiments have been made to test this point. 
There appears to be little room for doubt that the y rays at 
any rate from radium B+C are to be regarded as types of 
characteristic radiation from these elements. Itis of interest 
to note that the energy of the soft y radiation from radium B 
is very small compared with the energy of the more pene- 
trating types of y radiation from radium B and radium C. 
Chadwick and Russell, on the other hand, found that the 
soft types of y rays excited by the « rays in ionium were 
relatively far more prominent. The bearing of these results 
on the general theory of the connexion between 8 and y rays 
which led to these experiments will be discussed in detail 
in a later paper. 
Summary. 

The y rays from radium B consist of at least two distinct 
groups, each of which is absorbed exponentially in aluminium 
with absorption coefficients ~=40 and w=0°51 (em.)~? re- 
spectively. The first group of y rays is much less penetrating 
than the X rays excited in an ordinary focus-tube. The 
ry rays from radium C consist essentially of one type which 
are absorbed exponentially in aluminium with a value 
p=0°115. No evidence was obtained of the emission from 

radium C of the groups of radiation observed from radium B. 
The absorption of the rays by lead does not follow an 
exponential law. 

The general evidence indicates that these radiations are to 
be regarded as types of characteristic radiation from the 
elements in question analogous to the characteristic X radia- 
tions excited in elements by X rays. 

Experiments are now in progress to analyse by the methods 
outlined in this paper the y radiations from all the radioactive 
elements which emit @ and y rays. The analysis of the 
-y radiation from @ ray products is being undertaken by 
Chadwick and Russell in this Laboratory. 

University of Manchester, 

March 6, 1918. 


* Chadwick and Russell, Proc. Roy. Soc. A. Ixxxviil. p. 217 (1918). 
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LXXVII. On the Carriers of the Negative Thermionic Current 
za Vacuum. By Gwitym Owen, M.A., D.Sc., and 
Rosert Hatsat, B.Sc., University of Liverpool *. 


T’ has long been known that electricity of both signs is 
discharged from incandescent bodies. The current so 
obtained from a charged wire to the surrounding electrode 
is called by O. W. Richardson a thermionic current, and 
the carriers are called thermions. Workers in this field are 
not yet agreed as to the nature of the positive thermions, 
but it has been established by various observers that the 
negative carriers in a vacuum are mainly free electrons. 
Sir J. J. Thomson f in 1899 measured e/m for the negative 
thermions from a carbon filament at low pressure and 
obtained the value 10%. Values of the same order have 
since been obtained by Wehnelt { for the negative thermions 
from hot lime, and by Owen for those from platinum § and 
the Nernst filament |. 

Now it is well known that metal wires contain considerable 
quantities of absorbed gases which are evolved at a high 
temperature. Moreover, some substances—carbon and pal- 
ladium, for example—disintegrate {| rapidly when raised to 
incandescence at a low pressure. The question therefore 
arises: Is the negative thermionic current conveyed solely 
by electrons or by an admixture of electrons and heavy 
gaseous or metallic ions? 

This point was investigated, in the case of platinum, by 
one of the writers in 1904 (Proc. Camb. Phil. Soe. loc. cit.). 
The results then obtained led to the conclusion that at tem- 
peratures below 1000° C. the negative thermionic current is 
conveyed solely by electrons, while at higher temperatures 
there appeared evidence of the presence in the discharge of 
a small percentage (about 5 per cent.) of heavy ions. 

The writers have recently re-examined this question as 
to tue presence of heavy ions in the negative thermionic 
current, and the present paper is a short account of the 
results obtained. ‘The metals studied have been palladium, 
pure and commercial platinum, and iridium, and were in the 
form of wires about 0°4 mm. diameter. The method of 
investigation was, in the main, identical with that used 


* Communicated by the Authors. 

+ Thomson, Phil. Mag. [5] vol. xlviii. p. 547 (1899). 

~ Wehnelt, ann. d. Phys. vol. xiv. p. 425 (1904). 

§ G. Owen, Proc. Camb. Phil. Soc. vol. xii. p. 493 (1904). 
|| G. Owen, Phil. Mag. [6] vol. vill. p. 280 (1904). 

4 J. H. T. Roberts, Phil. Mag. February 1913. 
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previously—namely, the retardation of the discharge by a 
transverse magnetic field. This method, which is due 
to Sir J. J. Thomson, is too well known to require full 
description. It will be sufficient to say that if charged 
particles starting from rest from the plane 2=0 he subjected 
simultaneously to an electric field X, and a magnetic field Y 
at right angles to X, then the paths of the particles are 
cycloids, and the greatest distance d they get to from their 
plane of origin is given by 
| nae 2X m 
meer 

Hence, if an insulated electrode be situated at a distance 
greater than d from the plane x=0, none of the particles 
will reach it. It is obvious that the magnetic field which 
just prevents an electron from reaching the electrode, will 
be far too weak to produce an appreciable deflexion of any 
charged particles of atomic dimensions that might be present. 
Thus, by measuring the thermionic current to a distant elec- 
trode with and without the magnetic field, information can 
be obtained as to the relative proportions of electrons and 
heavy ions in the discharge. 

The experimental tube used in our investigation is shown 
in fig. 1. <A is the hot wire charged generally to about 
200 volts. The method of supporting the wire is shown 
more clearly in fig. 2, where the disk BB is shown in plan ; 
the object of this disk was to obtain a fairly uniform electric 
field between the wire and the insulated electrode C. The 
latter was connected to an electrometer by screened wires 
and keys in the usual way. When experimenting at high 
temperatures the electrometer was replaced by a sensitive 
d’Arsonval galvanometer provided with suitable shunts, so 
that currents over a wide range could be measured. D isa 
cylinder of wire gauze connected to earth. ‘This cylinder is 
necessary to prevent the inside walls of the glass tube from 
becoming charged up by the stream of deflected electrons. 
If this precaution be omitted, the magnetic field has but 
little retarding effect on the discharge. The distance of the 
hot wire from the insulated plate ranged in the different 
experiments from 6mm.to2mm. At the latter distance, 
with 240 volts on the wire (iridium), a magnetic field of 
300 units produced an appreciable effect on the negative 
thermionic current. [This gives 133x10' for the value of 
e/m for the electrons from iridium.] Generally, however, 
magnetic fields of intensity 800 or 1000 were applied, and, 
on occasion, fields of 2000 units. The wire was heated by 
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the current obtained from the secondary of a small trans- 
former connected to an alternating dynamo, and the tem- 
perature was varied as desired by altering the relative 
positions of the primary and secondary, the latter being 
supported ona platform capable of slow motion to and fro 
along the axis of the primary. 


Figs, 1 & 2. 
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The following table contains some representative obser- 
vations made on the four metals mentioned. The currents 
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are given in purely arbitrary units, and as the sensitiveness 
of the electrometer or of the galvanometer was altered con- 
tinually to suit the varying magnitudes of the thermionic 
currents at the different temperatures, it is only numbers in 
the same horizontal line in columns 8 and 4 that are to be 
compared. It should also be explained that 0:1 in the fourth 
column means a deflexion on the scale of one-tenth of a 
millimetre. In the experiments with platinum and iridium 
the vacuum was maintained by means of charccal in liquid 
air. 


| Negative thermionic current 
| in arbitrary units, Proportion of 
Metal. Temperature, | heavy ions 
| to electrons. 
| Magnetic field off.) Magnetic field on. 
| Dull red. 1/00 <e.UziL <1 in 14000 
| Palladium | Bright red, 45000 3 1 in 15000 
(pire) ReeS Yellow. 800 <0: <lin 8000 
Bright yellow. 7600 2 lin 3500 
ne (| Bright yellow. 200 <O0-1 <lin 2000 
Platinum 4 | Almost’ white hot. AUD <01 <lin 5000 
(pure) .-,... | | Nearly melting. 33000 3 1 in 11000 
Plat; Bright yellow. 600 <01 <lin 6000 
ee ‘al Very bright yellow, 2600 a lin 2600 
(comme! cla ) | White hot. 4200 1°5 a in 2800 
met (| Bright yellow, 5&0 ON <lin 5800 
Pedram) | 2)| White het. 1500 <0 <1 in 15000 
(pure)... || Nearly melting. 5400 1 lin 5400 


In every case control tests were made by charging the 
wires positively, when it was found that the strongest 
magnetic field we could apply (about 3000 units) was 
entirely without influence on the positive carriers. 

The above table shows clearly that the proportion of heavy 
ions to electrons in the negative thermionic current is ex- 
ceedingly small at all temperatures for the metals investi- 
gated. This fact is specially interesting in the case of 
palladium, which metal, as has been mentioned, volatilizes 
rapidly ina vacuum. Since in every case the thermionic 
current with the magnetic field on could only produce 
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deflexions of the order of 1 scale-division (1 mm.), too much 
weight must not be attached to the absolute values of the 
ratios in the last column of the table. It should perhaps be 
pointed out that the very small deflexions obtained with the 
magnetic field do not prove conclusively the presence of 
heavy ions in the discharge. Similar results would be 
observed if a few electrons were shot out of the wire with a 
considerable velocity, or if a few rebounded on to the insu- 
lated electrode after striking the earthed gauze cylinder. 

It remains to consider why heavy ions to the extent of 
5 per cent. and more were apparently detected in some cases 
in the earlier work on this subject (Owen, Proce. Camb. Phil. 
Soe. loc. cit.). In the experimental tube used then, the insu- 
lated electrode consisted of two vertical brass disks, 8 mm. 
apart, and connected together by a single thin bar of brass 
screwed into them at the extreme end of horizontal diameters. 
The hot wire was situated midway between the disks, and 
the magnetic field was arranged so as to deflect the electrons 
along a vertical diameter. Owing to non-uniformity of the 
electric and magnetic fields, it is possible that when the 
thermionic currents were large (as at high temperatures) 
some of the electrons were caught by the bar connecting the 
two disks. In the experimental arrangement described in 
the present paper this possible source of error is absent. 
Moreover, the electromagnet used in these later experiments 
produced a strong uniform magnetic field over a space much 
larger than that occupied by the wire and the electrode, and 
was in this respect greatly superior to that at disposal in the 
earlier work. These considerations probably account for 
the fact that in the earlier experiments some electrons 
succeeded in reaching the electrodes in spite of the magnetic 


field. 


Summary. 


The nature of the carriers, in a vacunm, of ihe negative 
thermionic currents from palladium, pure and commercial 
platinum, and iridium has been studied. It is found that 
the carriers consist almost entirely of free electrons. If any 
of the discharge is carried by heavy ions, then the pro- 
portion of heavy ions to electrons is, for all temperatures, 
certainly less than one part in two thousand, and probably 
less than one part in ten thousand. 

Holt Physics Laboratory, 

University of Liverpool. 
March 14, 1913. 
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LXXVIII. A Quantitative Relation between the Range of the 
a Particles and the Number of Charges emitted during 
Disintegration. By A. VAN DEN BROoEK *. 


1 1907 Rutherford t observed that there appeared to be a 

relation between the period of transformation of a pro- 
duct and the velocity of the « rays expelled from it. In 1911 
Geiger and Nuttall showed that in the great majority of 
cases the range of the a particle increased with the decrease 
of the period of transformation. Plotting the logarithm of 
the range of the « particle against the logarithm of the con- 
stant of transformation, the products of the uranium and 
radium series lie nearly on a straight line. In the thorium 
and actinium series again most of the products lie approxi- 
' mately on a straight line parallel with the line showing the 
relation for the uranium-radium series. As Rutherford § 
remarks, ‘The relation found by Geiger is of exceptional 
interest, for it supplies undoubted evidence that a connexion 
exists between two of the fundamental magnitudes in radio- 
active transformation.” 

Similar relations were given by Swinne|| and H. A. 
Wilson 7. 

Between the velocity of the « rays and the number of 
charges expelled there appears also to be a similar relation. 
Plotting the logarithm of the initial velocity of the « particle 
against the number of charges expelled, the products of all 
series lie nearly on a straight line. As the values for all 
series, but not for analogous products in each, are the same, 
the initial value for each series can be chosen to fit in well. 
Of course it is not known if these are really the first. 

Two difficulties immediately arise. Firstly, RaC and 
Th C (or B) were proved by Fajans** and by Marsden and 
Barratt tT to give off two branches of products. It seems, 
however, that for one branch the relation holds good, while 
for the other a reversal, and probably a regular one, seems to 
take place. In this case, on the Ra series one product more. 
for each branch ought to be introduced; for the thorium 
series, however, more. 

* Communicated by the Author. 

+ Phil. Mag. xiii. p. 110 (1907). 

t+ Phil. Mag. xxii. p. 613 (1911); xxii. p. 489 (1912) ; xxiv. p. 647 
1912). 

§ a aeacenn Substances and their Radiations,’ p. 609, Cambridge 
1918. 

|| Phys. Zectsch. xiil. p. 14 (1912). 

q| Phil. Mag. xxiii. p. 981 (1912). 

** Phys. Zettsch. x. p. 697 (1909). 

tt Proc, Phys. Soe, xxiv. p-Si(oll). 
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The actinium series, too, must then be complex as the same 
reversal exists here. Indeed, Mlle. Blanquies * found some 
evidence that the a rays emitted from actinium C are 
complex. 

That uranium, too, is complex was observed by Antonoff t, 
The branch product Ur Y emits soft @ rays, and some evidence 
was found that it emitted « rays. As Rutherford { remarks, 
*¢ The possibility of a branch product of uranium is of great 
interest, as affording a possible explanation of the origin of 
actinium.” If now we suppose Ur Y-—as emitting «+ @ rays— 
to consist of two products, one emitting « rays, the other 
emitting 8 rays (and the same must be supposed for Ra, 
Th. X, Ac X, Ra Ac—which all emit both « and @ rays), 


= ee Se a 
NUMBER OF CHARGES EXPELLED. 

If we accept for UrII the value given by Geiger and 
Nuttall, then the uranium series cannot unite in the radium 
series, as the values for U II and Io are nearly identical. If, 
however, the range 2:90 cm. is attributed to Ur Y andin part 
that of 2°50 to UrII also, while the range +1°6 cm. found by 
Friedmann § is attributed to Ur also as emitting two e rays of 
re . R. cli. p. 57 (1910); Le Radium, vi, p, 230 (1909), vii, p. 159 

Tt Phil. Mag. xxii. p. 419 (1911). 

{ Loe. eit. p. 45. 

§ Wien. Ber. cxx. p. 1361 (1911). 

Phil. Mag. 8. 6. Vol. 25. No. 149. May 1913, i 
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different range for the two different branches, then also the 
radium series can be deduced from the uranium series. Of 
course, such a deduction is very hypothetical. 

Recently von Hevesy *, and also Fajans +, proved that a 
relation exists between the expulsion of a and 8 rays and the 
change in chemical properties. As the atomic weight of 
the products also depends on the number of « particles 
expelled and finally “a relation of a similar though not 
nearly so definite a character as that found by Geiger for 
the a rays appears to hold between the velocity of expulsion 
of 8 particles and the period of transformation of the product 
concerned ’ {, it seems not improbable that all radioactive 
constants depend on the number of charges expelled only. 


Summary. 


The following relations seem to exist, first, between the 
initial velocity of the a rays and the number of charges 
expelled during disintegration: log V,=A-+ 7B, and second, 
between the period of transformation and the number of 
charges expelled: log \=C+7D, where B and D are general 
constants, A and C special constants for each series, and n the 
number of charges expelled. 


Noordwvk-Zee, Duinhoeve, 
February 1913. 


LXXIX. The Effect of Interionic F aghees on the Osmotic Pres- 
sure of Electrolytes, ByS. R. Mitner, D.Sc., Lecturer in 
Physics, The University of Sheffield §. 


HE osmotic pressure of dilute solutions of inorganic 
electrolytes, as determined from the lowering of the 
freezing-point, is always nearly, but not quite, as great as it 
would be if the dissociation of the electrolyte were complete. 
The explanation given by Arrhenius in 1887 that in such 
electrolytes an appreciable fraction of the molecules remains 
undissociated, is still the one which is generally accepted. 
This theory is strongly supported by the agreement of the 
values of the dissociation calculated from freezing-point and 
from conductivity measurements, but it gives results for its 
variation with the concentration which are, as is well known, 
wholly at variance with the law of mass-action; and although 
many attempts have been made to explain this discrepancy 
* Phys. Zeitsch. xiv. p. 50 (1913). 
+ Phys. Zeitsch, xiv. p. 187 (1918). 
{ Loe. ert. p. 610. 
§ Communicated by the Author. 
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none is wholly satisfactory*. Now both the formula of 
Arrhenius, giving the dissociation in terms of the freezing- 
point lowering, and the law of mass-action in its usual form 
depend on the assumption that the osmotic pressure of the 
ions, as well as that of the molecules, obeys the law for 
perfect gases, and both will require modification in case any 
deviation from the gas law is produced by the relatively 
large electrical forces which exist between the ions. In a 
previous paperf in this Magazine I have shown that a com- 
pletely dissociated mixture of ions possesses a finite virial, 
and have calculated its approximate value by what is I think 
a strict mathematical method. In the application to solu- 
tions it follows that the osmotic pressure of the ions of an 
electrolyte differs from that of a perfect gas in a calculable 
way. In the present paper the virial calculation is applied 
to determine the theoretical osmotic pressure, and hence the 
lowering of the freezing-point at different concentrations of 
an assumed completely dissociated binary electrolyte. A 
comparison of the result with experiment leads to the con- 
clusion that the freezing-point lowering at all dilute concen- 
trations in monovalent salts can be completely accounted for 
by the effect of the interionic forces in reducing the osmotic 
pressure below that given by the gas law on the assumption 
that the dissociation is complete throughout. 

The view that so-called “strong” (or strongly dissociated) 
electrolytes are completely dissociated at all concentrations 
is not of course a new one. It has been proposed on other 
grounds—in particular by Sutherland {—but the hypotheses 
on which it has been based seem somewhat speculative, and 
indeed the view is not one which is generally accepted. 
The argument for the view which follows from the result of 
this paper, however, seems to me to stand on a different 
footing from any previously advanced. The interionic 
forces certainly exist, and their effect on the osmotic pressure 
and the freezing-point is a purely mathematical deduction 
from the known facts. Further, the magnitude of the 
theoretical effect is determined absolutely in terms of 
known quantities, no arbitrary constants being involved. 
The effect must thus be admitted, if the deduction is correct, 
on the recognized theory of electrolytes, and allowed for 
before any conclusion can be drawn from the freezing-point 


* A summary of the various explanations which have been suggested 
up to J910 is given by Partington, Journ, Chem. Soc. xcvii. p. 1158 
(1910). 

+ Phil. Mag. xxiii. p. 551 (1912). 

{ Phil. Mag. iii. p. 161 (1902); xii. p. 1 (1906) 
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determinations as to the fraction of the electrolyte which 
is dissociated. Finally, the calculated effect is of just the 
right magnitude to account for the observed depressions in a 
completely dissociated electrolyte 

The view that an electrolyte is completely dissociated at 
all concentrations gets over the long outstanding difficulty 
of the want of agreement between the observed freezing- 
point variation and the law of mass-action, for the latter law 
clearly does not now come into the matter at all. On the other 
hand, at first sight an equally great new difficulty is raised 
by the existence of a variation in the molecular conductivity 
with the concentration, for this can now no longer be ascribed 
to incomplete dissociation. However, the interionic forces 
in a completely dissociated electrolyte may be expected to 
produce an effect on the conductivity as well as on the 
osmotic pressure, and I hope to show in a later paper not 
only that such is the case, but also that the theoretical effect 
is in.good accord with experiment. 

It was proved in the paper on the virial referred to above, 
that in a gaseous mixture of N+ and N — ions confined in a 
volume V the ions will not be distributed at random in the 
volume, but that the ions of opposite sign will be on the 
average slightly nearer together, and those of like sign on 
the average slightly farther apart, than they would be ona 
purely random distribution. It is because of this deviation 
from the random distribution, which is brought about by 
the action of the interionic forces, that there exists a finite 
virial for the mixture, for the virial of a purely random 
distribution of the ions would be zero. The virial* we are 
concerned with is defined as | 


B= > 49'/", 

where q is the ionic charge, and r is the distance apart of 
any pair of ions, The summation is to be extended with 
appropriate sign over every pair which can be formed out 
of the 2N ions in the volume, and then averaged over every 
possible configuration of the system, due regard being paid 
to the probability of occurrence of each configur ation. It 
was found that I could be expressed in the form 


EH = Nwhd(h).” 2. . ae 
RT 


V 2 


where v is the number of molecules in a gram molecule, 


In this equation 


w= 


* Boltzmann’s definition of the virial as ¥ tv has been employed in 
this and the preceding paper. Some authors define the virial as 3y Rr 


Forces on the Osmotic Pressure of Electrolytes. 745 


w is the most probable, or two-thirds of the average, kinetic 
energy of translation possessed by an ion or a molecule at 
the temperature T, 


har INNS, 
=o o fw. OO ee ey 


h is a pure number, being the ratio of a potential energy to 
the kinetic energy w; the potential energy is that of two 
ions at a distance apart equal to the radius of the sphere in 
which on a random distribution the average number of ions 
contained would be one. @(h) isa function of h the value 
of which is theoretically determinate, and of which approxi- 
mate numerical values for a few different values of h were 
calculated. 

In equation (1) the interionic forces are reckoned + when 


repulsive, and E is a negative quantity, (A) being always 
negative. It will be more convenient for our present pur- 
pose to deal with a positive quantity for the virial. Put 


W=—HE and /(h)=—¢(h), then 
W=Nwh f(h) 


is positive and may be called the attractive virial. If the 
volume V contains 1 gm. mol. of the associated ions, as we 
shall henceforward assume, then N=v, and w=RTJ/N, 


whence 
1 See NL gO) ene Ia T gla. (3) 


A curve showing the approximate course of /(h) with h is 
here appended (fig. 1, p. 746). 

Strictly, the result (3) only holds if the ratio h is a small 
number, the chief reason being that the assumption is made 
in the calculation that association of the ions due to elec- 
trical forces is negligible, and this would become less and 
less true as A increases. Also to simplify the expressions 
the virial was calculated for an assumed gaseous mixture, 
the forces between a pair of ions being put qg?/7?. Under 
these conditions, however, h comes out to be quite a large 
number, thus the result is evidently not applicable to an 
actual gaseous mixture of ions which have the ordinary ionic 
charges. This conforms with the fact that a gaseous mixture 
of ions initially dissociated is not in equilibrium, but undergoes 
spontaneously an almost complete association. The case is, 
however, different when we apply the result to electrolytes. 
We do. not know what will be the exact effect on the in- 
terionic forces of the water molecules between the electro- 
lytic ions; it is doubtless a very complicated one, but it will 
certainly diminish the forces very considerably. In the 
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absence of complete knowledge, we can only assume that 
the effect is the same as would be produced if the ions were 
immersed in a continuous medium of s.1.c. equal to that, K, 
of water In mass. 


Fig. 1. 


to 3% a “6 8 

If we do this, the same expression (3) for the virial will 

apply if in place of (2) for h we substitute the value 
J 78m yb" Gg? 

i= ay Kw’ © e e e ° © (4) 

To obtain the numerical value of h for a soluticn of given 

concentration, let C be the concentration in gm. mols. per 

litre,¢ the charge per gm.ion of « monovalent ion, then 


substituting in (4) V=1000/C, N=e/g, and w= RTq/e, we get 


1 (8r\3 Be Oy 
b= 1o( 3) REDO 
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Putting 
 q=477X10- us.0., €=9654X3x10" E.s.U., 
Hoo! X10! ergideri, T=273,' K=87.at.0° Ca 
we get h=1:203 08 


Given the virial we can, if we may treat the electrolyte as 
we should a gas, at once obtain the pressure by using the 
equation of Clausius, which states that pressure x volume= 
3 (kinetic energy)—¥% (virial), Applied to a completely 
dissociated electrolyte this gives, since there are two gram 
ions present in the volume V, _ 


PV=2RT—iW 


. PV 
or RY 2-34 /)- we ee te ee (1) 


It may not, however, appear quite legitimate to apply with- 
out question formule deduced from the concepts of the 
kinetic theory of gases directly to the complex phenomenon 
_ which the osmotic pressure of an electrolyte undoubtedly is. 
The same formula is therefore deduced below in another 
way. 

When, as is the case in the system we are considering, 
the internal forces vary according to the inverse square law, 
the virial bears a simple relation to the internal potential 
energy of the system. If we measure the internal energy, 
U, of the solution at the volume V by the work which would 
be done by the electrical forces if the ions of opposite 
sign were allowed to collapse on each other in pairs from 
the positions which they occupy in the volume V,—or in 
other words by the heat which would be produced if 
complete association of all the ions were brought about—and 
if U,, stands for the corresponding energy of the system at 
infinite dilution, then U,, —U is easily seen to be the average 


value of the summation of — (+ ©) for all pairs of ions 
in the solution. This is the attractive virial W, and, in fact, 
| . US yw. 
=U, — RTA /(h) 
We can now apply the general thermodynamical relation 


dU dP 
spre gr ah mo eats i) 
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‘ ata dU : f 
to determine the osmotic pressure P. If —. were zero, 


(6) would be satisfied by ay 


2RT 


the gas law for a completely dissociated electrolyte. When 

a is not zero, we may therefore take P to be of the form 

C 
Pais 


Sy a 
and determine the function d. Substituting (7) in (6) gives 


pid 
Tar eee vo aut [Af(h)], 


whence 
Td dT 


there being no constant of integration since ¢ vanishes with h. 
This expr ession can always be integrated when, as is here © 


the case *, h is cf the form F(V)/T, for take the - outside 
h 


the if , and substitute — a for ay when we get 
| h f 
1a 
, o=RIT iv) T(h)dh 


| ,dh d (, 
=RT a, gi Mido 
RT ai i), 


* Since K the s.t.c. of water, vaties to some extent with the 
temperature, 2 is not strictly proportional to 1/T. If, however, we 
were to try to take into accotint here the: variation of K with T, it 
would lead to a discrepancy between the expressions for the pressure 
obtained by the kinetic and by the thertnodynamical calculations. Such 
a discrepancy cannot, however, really exist, for the virial equation is 
consistent with thermodynamics. The fact is that K has already 
virtually been assumed constant in determining the vitial (if it were not 
constant the electrical force between two ions would depend on their 
kinetic energies as well as on their positions), and to obtain agreement 
the same assumption must be made here also. 
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But by (4) = = — whence 
Ainge lid So ig ase 
(Ue SaY hf(h), 


which gives the same equation (5) for the osmotic pressure 
as before. 
fect on the Freezing-Point.—The thermodynamical relation 
between the osmotic pressure of a solution and the lowering 
t of its freezing-point below 0° C., reduces in dilute solutions 
to 
1 ean oe i 
Rew lreb Cs. 86" 
where C is the concentration (gm.mols./litre) and r=¢/C the 
molecular lowering. This relation is practically independent 
of whether the osmotic pressure obeys the gas law or not. By 
combining it with (5), we get for the variation of + with the 
coucentration in a completely dissociated electrolyte 


PCO 2 aN wt as aor = | (C8) 
The appended table shows values of A and 4hf(h) for 


various concentrations :— 


C. h. ghf(h). 
‘0001 ‘0559 ‘0056 
001 "120: ~ 0175 

= NOR + cas ae 0245 ° 

"+005 gm | . . 038 
‘O01 +959. 053 
02° 327 074 
05 ‘443 hee kis 
559 162 

2 ‘704 “224 


_ Infig. 2 (p. 750) are plotted the experimental values of + for 
KCl, NaCl, and NH,Cl. KCl and NaCl are probably among 
all substances those for which the lowerings have been most 
accurately determined at dilute concentrations. In the 
figure Loomis’ results* are indicated by crosses, the ©’s 
give all the values of other observers collected in Landolt 


* Loomis, Ann. d. Phys. li. p. 600 (1894); Ivii. p. 495 (1896). 
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and Bornstein’s Tables (3rd ed., 1905), for NaCl Hausrath’s* 


observations in addition have been plotted. The three 
curves in the top figure show the theoretical variations of T 
with C under different assumptions. A is calculated on the 


Fig. 2. 
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ussumption that the gas law is obeyed by the ions, and that 
the whole effect on + is due to partial association. This 


gives 
K Le 4K 
r=1:86 {1-545 co +} 


In the curve K is arbitrarily put °350, a value chosen to give 
agreement with experiment at C=:05 normal. As is well 
known, this type of curve does not even approximately fit the 
experimental numbers. B represents the theoretical curve 
(8) in which the variation is ascribed entirely to the effect of 
interionic forces in a completely dissociated electrolyte. In 
each of the salts there is a close agreement of the experi- 
mental numbers with B. The agreement becomes still more 
striking when we remember that the theoretical curve is 
given absolutely by the calculation—there are thus no 
arbitrary constants involved by the adjustment of which a 
possibly spurious agreement might have been obtained. The 
curve C represents approximately the way in which we 


* Hausrath, dan, d. Phys. ix. pp547 (1908). 


Forces on the Osmotic Pressure of Electrolytes.  Td1 


should expect B to be modified if the dissociation were not 
complete. Evidently B has the better agreement. 
The upper curves in fig. 8 represent the results for the 


Fig. 3. 
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nitrates of NH,, Na, K, Rb, and Cs from Loomis’ and 
Biltz’s * measurements. There is again a fair agreement 
with the theoretical curve, although the possibility of a 
small amount of association in the last three salts is not 
absolutely excluded. The freezing-points of other mono- 
valent salts have not been measured with sufficient accuracy 
at dilute concentrations to serve asa strict test, but as far 
as they go they support the theory. In the bottom curve 
of fig. 3, all the lowerings of LiCl, RbCl, CsCl, KBr, 
KI, KF, KCN, and LiNO;, given in Landolt and Bornstein’s 
Tables, are plotted along with the theoretical curve. It is 
striking that in all these salts the lowerings are of the 
same order of magnitude, and this the same as that 
theoretical curve for complete dissociation. Until more 
measurements have been made it is difficult to say whether 
the differences are due to experimental error or to the action 
of subsidiary causes other than partial association. From 
the point of view of the theory here considered, partial 
association as an explanation is excluded by the fact that 
most of the experimental points lie above instead of below 
the theoretical curve. 


* Biltz, Zeit, Phys. Chem. xl. p. 185 (1902). - 
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Optique géométrique. _ By J. Buen. Pp. vi+ 263. Paris: O. Doin 
et Fils; 1912. 6 fr. 

Geometrical Optics. By ARCHIBALD STANLEY PURCIVAL. Pp. vi+ 
132. London: Longmans, Green & Co., 1913. 


HE former of these two books, which Papi one of the volumes 
of the Encyclopédie scientifique, is an excellent summary in 
very small space of the fundamental principles and methods 
employed in connexion with this subject. It leads in the end to 
a consideration of the various methods based upon the charac- 
teristic function of Hamilton (employed by Maxwell) and upon the 
several functions derived from it which avoid the difficulties 
involved in the employment of the characteristic function itself. 
These have been employed by Lord Rayleigh, Bruns, Schwarzschild, 
and Pelletan. The account given of Schwarzschild’s method is a 
most luminous one. 

An English reader will probably regret that the author has not 
included a reference to the paper by Professor Sampson (Royal 
Society Transactions, 1912) which deals with aberrations of the 
fifth order and which extends Seidel’s five conditions to seven. 

The second of the two volumes is written primarily for medical 
students. It is rather difficult to guess for whom it is really 
intended. The preface states that the text embodies all that 
can reasonably be demanded in any preliminary examination in 
science. We must assert definitely that scarcely any medical 
student with whom we have become acquainted (and their total 
number is very large) would be able to cope with the volume in 
the very short time which he has at his disposal. 

The book itself has many excellent features when viewed apart 
from the use to which it is intended to be put. The author has 
an original way of expressing himself; many of the old familiar 
statements appear here ina new dress. The question of cardinal 
points is dealt with in a very simple manner indeed. If only a 
Jarge number of senior students can be induced to study the book 
carefully it will place ophthalmic science in a very different 
position from that which it is in to-day. 


LXXXI. Proceedings of Learned Societies. 
GEOLOGICAL SOCIETY. 
{Continued from p. 660.] 
January 8th, 1913.—Dr. Aubrey Strahan, F.R.S., President, 
in the Chair. 
fing following communications were read :— 
1. ‘ The Geological History of the Malay Peninsula.’ By John 


Brooke Serivenor, M. A., F.G.8., Geologist to the Government of 
the Federated Malay States, 


This paper is an attempt to present briefly and in a connected 
form all the information bearing on the geological history of the 


Geological Society. 753 


Malay Peninsula that has been gathered during the course of 
economic work since 1903. 

The main points are as follows :— 

During the Mesozoic Era earth-movements took place in a part 
of the crust which is now the site of the. Malay Peninsula: 
These movements resulted in the formation of two large anticlinal 
folds. ‘The folding admitted of the intrusion of two masses of 
granite, and the intrusion was accompanied by faulting of the 
rocks in the folds,.and by ‘magmatic stoping’ on a large scale. 

The rocks affected by the folding are the Raub Series of cal- 
careous rocks, and the Malayan Gondwana rocks, resting uncon- 
formably on the Raub Series, and in many places faulted down 
against that series. 

The paleontological evidence afforded by small collections from 
the Raub Series cannot be reconciled with the field evidence. No 
fixed horizon has been discovered in these rocks, which may be 
either Carboniferous or Permo-Carboniferous. Associated with the 
Raub Series are volcanic rocks, which are evidence of contem- 
poraneous submarine eruptions. The eruptions continued into 
later times. 

At the base of the Gondwana rocks are glacial deposits that may 
be referred to the same horizon as the late Palecaceid glacial deposits 
of Peninsular India, the Salt Range, Australia, joa South Africa, 
but this horizon cannot be defined exactly in the terms of the 
Kuropean sequence. Its presence shows that the Raub Series must 
be older than the Productus Beds of the Salt Range, or equivalent 
to the shales below the boulder-bed in the trans- Indus section of 
the Salt Range. 

The glacial deposits are succeeded by littoral deposits, and far to 
the east of the glacial deposits a Rheetic horizon has been described 
in them by Mr. R. B. Newton, and named by him the Myophorian 
Sandstone. To account for the apparent discrepancy in age 
between the climatic horizon afforded by the glacial deposits and 
the Myophorian Sandstone, an hypothesis has been adopted to the 
effect that the Malayan Gondwana rocks were deposited on the 
Gondwanaland coast-line as it moved slowly eastwards, probably 
with many checks and oscillations. 

The glacial deposits show that this portion of the Gondwanaland 
coast contained stanniferous granite and also much corundum. 
This granite is called ‘the Paleozoic Granite,’ as distinguished from 
‘the Mesozoic Granite’: it is not known in situ. The glacial 
deposits are, therefore, part of a Paleozoic tin-field, now being 
worked at the same time as the stanniferous deposits derived froma 
the Mesozoic Granite, 

-Denudation has brought to light the two great anticlinal folds 
and the granite masses upon which they now rest. On the west is 
the Main Range Anticline, on the east the Benom Anticline. The 
eastern limb of the former and the western limb of the latter meet 
in the Main Range Foothills. The eastern limb of the Benom Anti- 
cline is formed by the main Gondwana outcrop, which includes the 
highest peak 1 in the Peninsula (Gunong Tahan, altitude 7188 feet), 
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It is believed that this main Gondwana outcrop is continued through 
the Peninsula to Singapore, and on to Banka and Billiton, where it 
may turn so as to enter Western Borneo, forming an inner are 
roughly parallel with the outer volcanic arc of the Malay Archipelago 
and the Philippines. 

The igneous rocks of the Benom Anticline are less acid than 
those of the Main Range Anticline, and there is a corresponding 
difference in mineral products. The area of the Benom Anticline 
coincides with the ‘ gold-belt’ of the Peninsula. The products of 
the Main Range Anticline are tin and wolfram. 

Tertiary coal-measures, unconformable on the Gondwana rocks, 
are known in Selangor. Their exact age cannot be determined, 
since the flora resembles the existing jungle-flora; and the same 
may be said of floras in Borneo coal-measures that are believed to 
date back to the Kocene Period. An arrangement based on the per- 
centage of moisture in the coal, however, points to the possibility 
of their being Miocene. 

Evidence has been found in the Peninsula supplementing the 
biological evidence described by Dr. A. R. Wallace, of changes in 
the Archipelago in Tertiary times. When the land-connexion 
that allowed the migration of the fauna of the Archipelago from 
the north was destroyed by submergence, the subsidence continued 
until the Peninsula became an island or group of islands. Sub- 
sidence then gave place to elevation, which restored the Peninsula 
and is continuing at the present day. 

Interesting recent deposits are deposits of lignite in ‘ cups’ 
formed by solution in the limestone of the Raub Series, and 
torrential deposits made up of ‘core-boulders’ derived from weathered 
granite. 


2. ‘On a Mass of Anhydrite in the Magnesian Limestone at 
Hartlepovl.’ By Charles Taylor Trechmann, B.Sc. 


The harbour of Hartlepool owes its existence to the erosion of a 
mass of anhydrite of great thickness, proved by boring and other 
evidence to exist in close proximity to the Upper Magnesian Lime- 
stone upon which the towns of Hartlepool and West Hartlepool are 
built. 

The anhydrite is shown to be included in, and to represent the 
time-equivalent of part of, the Middle and the greater part of the 
Upper Limestones. The contrary view, that the anhydrite belongs to 
the overlying red beds here faulted down, is shown to be erroneous. 

The former presence of sulphates in the Magnesian Limestone is 
discussed. This formation, wherever protected by overlying com- 
paratively impervious beds, proves to be more or less gypsiferous 
throughout its thickness. Evidence is brought to show that very 
large quantities of anhydrite were originally deposited with the 
Magnesian Limestone, the subsequent hydration and removal of 
which is chiefly responsible for the collapse, degradation, brecciation, 
and other alterations that are such obvious features of the formation 
in its present condition. 
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The distribution of organisms in the Magnesian Limestone was 
largely influenced by the quantity of sulphates present in the 
surrounding water. The Shell Limestone is shown to be a chain 
of reef-knolls, in the building up of which a limited number of 
forms take part, probably induced by current-action in the Permian 
Sea and lying more or less parallel with the old Permian shore-line. 
The increasingly unfavourable conditions prevailing towards the 
top of the Shell Limestone bring about a dwarfing and gradual 
extinction of the typical Shell-Limestone fauna. 

The curious distribution and present position of the Upper 
Magnesian Limestones in Durham is noticed, and an explanation 
offered. 

‘The Permian succession is shown to be more complete in the 
southern than in the northern area of the county. 

Various sections in the Upper and Upper Middle Limestones in 
the Hartlepool area are described, among them the recent sinking 
for Blackha'l Colliery, where all the series were pierced, including 
the full thickness of the Shell Limestone. 


February 26th, 1913.—Dr. Aubrey Strahan, F.R.S., President, 
in the Chair. 
_ The following communications were read :— 


. ‘ The Geology of Bardsey Island (Carnarvonshire).’ By Charles 
Alfred Matley, D.Sc., F.G.S.; with an Appendix on the Petrography 
by John Smith Flett, M.A., D.Sc., F.G.S. 


Bardsey, an island a mile and three-quarters long, lies off the 
promontory of the Lleyn (Western Carnarvonshire), and forms the 
isolated extremity of the strip of pre-Cambrian rocks that borders 
the western coast of the Lleyn from Nevin south-westwards. 

The rocks are principally gritty schistose slates, with many thin 
and some thick bands of grit, quartzite, and limestone; and they 
contain an horizon of variolitic lava and tufaceous shale, which 
indicates that a volcanic episode took place during their formation. 
Sills of albite-diabase also occur, as well as one or more sills of a 
crushed granite. 

The rocks have been subjected to intense earth-pressure acting 
mainly from the north-west, and are mostly in a cataclastic con- 
dition, the harder rocks being almost always torn up into lenticles. 
The beds are shown to be arranged on the whole in a number 
of isoclinal folds, complicated by overthrusting, shearing, and 
brecciation. Stages in the formation of crush-conglomerates are 
described. From the nature of the brecciation and the compara- 
tively small amount of mineral alteration that the beds have 
undergone, it is inferred that the load of superincumbent rock at 
the time of the principal earth-movements was not great. 

The rocks are correlated with the lower portion of the Llanbadrig 
Beds and with the Llanfair y’nghornwy Beds of Anglesey, and they 
agree also with their Anglesey representatives in the manner in 
which they have been affected by earth-movement. 
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Some post-movement dykes of olivine-doierite occur, with a 
north-west to south-east trend. They are probably of Tertiary age. 

Glacial striz and boulders indicate that the island was invaded 
by a portion of the Irish Sea ice-sheet which, after crossing Anglesey 
to the west of Red Wharf Bay in a south- westerly direction, was 
deflected in Carnarvon Bay and traversed Bardsey in a south- 
easterly direction. This deflexion is tentatively attributed to the 
pressure of ice radiating from Ireland. 

There are doubtful indications of a post-Glacial raised beach at 
18 to 20 feet O.D. 

In an Appendix Dr. J, S, Flett describes the petrographical 
characters of the granites, the pillow-lavas and their tuffs, and the 
diabases. 


2. ‘The Loch Awe Synoline (Argyllshire). By Kdward 
Battersby Bailey, B.A., F.G.S. 

Mr. J. B. Hill’s classification of the sedimentary schists of the 
district, into the Loch Awe Group above, and the Ardrishaig Group 
below, is accepted. So also is his reading of the Loch Awe Syncline. 
This syneline is a comparatively shallow trough, with well-marked 
fan-structure due to small-scale isoclinal folding, in which the limbs 
of the folds are vertical along the axial belt of the syncline, and 
inclined outwards on either side. 

There are, however, two modifications of Mr. Hill’s original 
interpretation, both of them already dealt with, in part, by Dr. B. N. 
Peach and the author in the Geological Survey Memoir describing 
the southernmost portion of the region (Sheet 28), One of the 
proposed alterations is concerned with the numberless igneous rocks 
folded along with the sedimentary schists. Many of these are 
obvious intrusions; but some, as Dr. Peach showed in 1903, are 
certainly lavas, In the present paper, Dr. Peach’s voleanic zone is 
traced throughout the whole district, where it maintains a constant 
horigon in the Loch Awe Group. ‘his brings us to the second 
suggested modification, affecting, as it does, details of the strati- 
graphy of the Loch Awe Group, for which the following sequence 
is proposed ;— 

Loch Avich Green Slates and Grits (volcanic rocks in the lower part). 

Tayvallich Black Slates and Limestones (volcanic racks throughout). 

Crinan Grits and Quartzites. 

Shira Limestone, constituting a passage-zone dawn into the Ardrishaig 
Phyllites. 

Attention is drawn to evidence, already published, that the 
order of superposition of the sediments in the Loch Awe Syucline 
corresponds with the original order of sedimentary syperposition, 
Finally, a recent suggestion of Mr. Hill’s is adopted, in which he 
correlates the extremely low grade of metamorphism of the rocks 
of the central part of the Loch Awe Syncline with their high 
structural position. The hypothesis is that these rocks were nat 
deeply covered during their metamorphism, aud accordingly were 
never raised to any very high temperature, 
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LXXXII. Ona Dynamo for maintaining Electrical Vibrations 
of High Frequency. With some notes on the Transmission of 
Waves in Wireless Telegraphy. By Sir Outver Lopes *. 

I DESIRE not so much to put on record, since that has 

in some sort been already done, but to welcome the 
achievement of what many physicists in years past desired to 
attain, namely the construction of an alternating arrangement 


_ capable of maintaining electrical vibrations of sufficiently high 


frequency to give a continuous train of waves of moderate 


length ; comparable for instance to four miles or even less. 


It may be that this problem will give way, as problems so 
often do, in several directions at once; and that the result 
may be—possibly has been—achieved by several different 
methods. At present, however, my attention has been called 
to the ingenious device introduced by Dr. Goldschmidt of 
Berlin, an ex-Professor of Electrotechnics at Darmstadt. 

A method of achieving the desired end by a series of 
alternating dynamos had already been suggested, and will be 
found referred to in Professor G. F. FitzGerald’s Collected 
Papers, page 280, where a discussion between himself and 
Dr. Sumpner, involving also Professor Trouton, is reported 
as having occurred at the Physical Society of London on 
22nd January, 1892; with myself, as it happened, in the chair. 
It is reported also in Nature, vol. xlv. p. 358. 

The plan then mooted was to use the alternating current 
from one dynamo to excite the field magnets of another, that 


* Communicated by the Author. 
Phil. Mag. 8. 6. Vol. 25. No. 150. June 1913, oF 
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other to excite a third, and so on. By this means it was 
clearly perceived that the frequency could be made to mount 
up in arithmetical progression with the number of machines. 
But the obvious cumbersomeness and wastefulness of the 
arrangement, although it was true that all the dynamos 
might run on the same shaft, caused the idea to be promptly 
abandoned. 

Dr. Goldschmidt, however, has now made the interesting 
discovery that all these steps can be taken in a single 
machine, with some manifest and some unexpected ad- 
vantages, and apparently with sufficient economy for 
practical purposes even at high power, so long as the final 
frequency does not exceed say 50,000 per second. 

The fact that iron is used, and to all appearances 
necessarily used, in attaining this result, although its 
magnetization snould not be pushed beyond a permeability 
of 100 or something below the steep part of a magnetization 
curve, necessitates many instrumental precautions, much 
careful design, and considerable constructive skill; but 
designers of the Firm of Messrs. C. Lorenz, and Engineers 
of the Firm of Messrs. Bergmann, both in Berlin, have been 
able to execute machines which certainly work in the way 
expected. 

So far as I am aware Physicists in this country have 
not made themselves generally acquainted with the device 
employed, and inasmuch as its ingenuity commands ad- 
miration, I venture 


(1) to expound the principle briefly, 
(2) to attempt a theory. 

The features of the machine and the laws utilised may 
be all considered known when taken separately, some of 
them well known ; and yet, in combination, they work in a 
way which at first sight seems puzzling and might readily 
have been pronounced fanciful. 

The separate points on which the invention is based may 
be thus stated :— 


(1) That when the field magnet of an alternating dynamo, 
with a number of poles distributed round a circle, is itself 
excited by an alternating current, its field may be considered 
as revolving equally in two opposite directions ; 2. @., its 
magnetism ” revolves although the iron is mechanically 
stationary, This is merely because each North pole changes 
sinuously into a South pole, and each South pole into a 
North ; thus virtually changing places in a continuous 
cyclical manner. 
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(2) The second point is that an armature revolving in 
front of such a field magnet, which if the magnet were 
steady would have the frequency ¢ generated in it, will, when 
the field magnet itself is excited by an alternating current of 
frequency p, be subject to the resultant frequencies p—gq and 

+ 
: For if the armature stood still, the induced frequency 
would be p; and if it revolves, its own frequency g is super- 
posed upon this ; in one direction running after and perhaps 
overtaking the frequency p, and in the other direction 
running away from and thereby virtually increasing the 
relative magnetic velocity. 

If the two frequencies are equal, being both generated by 
the highest rate of rotation mechanically safe, the two resultant 
frequencies will be 0 and 2p. 

This is the principle which it was proposed to utilise in the 
series of machines mentioned above as under discussion in 
1892. 

(3) This is not real doubling, but an addition of one to 
one, as can be proved by continuing the process and employing 
the frequency 2p as again a field magnet exciter; for, when 
an armature is revolving in front of that, the fr equencies 
generated in that new rotor are dp and p respectively (the 
sum and difference). Hence the progression is mer ely 
arithmetical, not geometrical. If, still further, the 3p is 
used as exciter, the frequencies appearing in a new rotor will 
be 4p and 2p; and so on. 

(4) The frequency 0 in the first rotor is of course nota 
current at all—though it sounds like a continuous current— 
but it is static magnetism, and may be said to correspond 
with the natural reaction between field magnet and armature, 
like that between a magnet and its keeper, when both are 
stationary. 

(5) The 2 generated in the second armature as the 
difference between stator and rotor frequencies is likely to 
be opposite in phase to the 2p generated in the same armature 
as the sum of rotor and stator frequencies ; and the two may 
therefore partially cancel each other. Similarly with other 
intermediate frequencies in the chain, each of which occurs 
twice over. The only unique currents will be the first and 
the last—the steady current in the magnets of the original 
exciter, and the highest frequency currents in stator and in 
rotor at the other end of the chain. 

(6) The self-induction of the different coils, which would 
naturally cause lag and entail considerable complication and 
impedance, can be neutralised for any desired frequency by 


aE 2 
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the insertion of capacity in series ; so that the general equation 
for a circuit, with wu as current, 


Lii+Ru+ a= Ecos pt 


becomes simplified, when the current is properly attuned to 
the driven frequency, 7. e. tuned in such a way that p? LS=1. 
It then, after a brief moment of growth, assumes the 
simple form 

= Ro pts 
because the first and third terms neutralise each other under 
tuned conditions ; since then wi + p?u=0. 

(7) Ifa current is started and stopped in such a cireuit, its 
rise and fall are governed by the customary laws; for it must 
be remembered that there are free oscillation terms in the 
complete solution which control the initial and final stages 
of such a maintained current, and that these are discarded 
from the permanent theory as being too rapidly evanescent to 
deserve much notice. The initial (and final) free oscillations 
are rapidly killed out of the complete solution of. the above 
equation by an exponential time-coefficient involving R/2L, 
and forced oscillations alone survive. But the tree are 
not wholly to be ignored, and in some cases may be found 
to give trouble. The current starting from zero, when it is 
attuned to the maintained oscillations and not over-damped, 
rises to its final stage according to the equation 


1D) ne 
= aan, cos pt, 


as clearly explained in Lord Rayleigh’s ‘Sound,’ vol. i. 
§§ 47,48. Hence, to attain rapid response, it may even be 
desirable to introduce a little extra resistance into some of 
the circuits, so as to diminish the time-constant 2L/R by 
which these momentary perturbations are regulated. It may 
be noted, asa practical consequence of the completer theory, 
that the frequency factors should be chosen with capacity 
large and inductance small; for it is the latter factor alone 
that retards the attainment of the permanent state. 

Of course a current takes time to develop in a circuit, 
even without any self-induction,—the velocity of light must 
be involved and a travelling wave-front ; but in ordinary 


Pa) 
practice these can safely be ignored, 


the Goldschmidt Dynamo. 761 


(8) The current and the E.M.F will be in the same 
phase, and lag will be obliterated, if the precise frequency 
is maintained. 

(9) The system is not self-exciting but requires an initial 
starting current or an excited magnet, without which the 
whole is inactive. The initial current supplies no energy 
however, and, if no variations were wanted, its place might 
be taken by a permanent magnet. All the effective energy 
of the system is derived from the mechanical rotation ; 
and signalling can be managed by varying the exciting 
current. 

(10) The original exciter may be either a steady current 
or a comparatively slowly alternating one, say of acoustic 
frequency. It might for instance be supplied through a 
microphone and be carved into fluctuations by speech, which 
could thus apparently be effectively magnified and indirectly 
transmitted toa distance. The frequency of the exciting 
stimulus is of no consequence so long as it is incomparably 
slower than any of the really high frequencies to which the 
circuits are tuned. 

An exciting current of acoustic frequency, say 500 a second, 
is practically a steady stimulus of slowly varying strength 
during each half period ; but the result of employing such a 
current as the stimulus may be the powerful emission of a 
note of 1000 per second, when the perfectly inaudible electric 
waves are collected and reinterpreted by some device. 

(11) The neutralisation of self-induction by capacity 
applies not only to the whole of a circuit but to any part of 
it for which the condition corresponding to p*LS=1 is 
satisfied ; and the only obstacle in that part of a circuit is 
then its ohmic resistance, subject of course to any throttling 
or skin effect due to the most favourable automatic distribu- 
tion of current in the substance of the conductor ; a distri- 
bution which can be made virtually uniform by adequate 
subdivision, as by employing a cable composed of fine 
insulated wires. In so far as iron is used, the resistance 
term will contain eddy-current losses and hysteresis, which 
must be guarded against in known ways. 

(12) That if to a circuit with one L and § in series, 
another L and § pair is added also in series, the natural 
frequency is unaltered; for though the resulting inductance 
is doubled, the resulting capacity is halved, and the product 
remains the same. The advantage of such a doubly-tuned 
circuit is that its parts are connected by nodes, to which 
anything can be attached without disturbance ; for a pair of 
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nodes might even be short-circuited without altering the 
frequency of vibration. 

(13) A tuned or resonant circuit can be maintained in 
vibration with very little power, the only expenditure of 
energy being that concerned with the dissipation term RC’, 
together with a similar expression for the energy radiated 
away which in the case of an open circuit may become 
important. 

In some cases wave radiation is the thing desired, and in 
that case the expenditure in this way is useful dissipation, 
and the greater its proportional amount the higher the 
efficiency of the arrangement. 


(14) That in an alternating dynamo, consisting of a rotor 
and a stator, so far as mutual action is concerned it does not 
matter which is which; we are only concerned with the 
relative motion between the two, and each can react on the 
other by mutual induction. 


Putting all these simple principles together, and providing 
both the rotor and the stator with as many tuned branch 
circuits as are required, Dr. Goldschmidt has designed his 
dynamo, whereby by mutual action and reaction between 
stator and rotor the frequency mounts to a level such 
that unavoidable hysteresis and other iron losses. make 
further additions to it uneconomical or impracticable. 
And the highest frequency can be used for emission of 
waves. | 

In a machine which now exists at Slough, the revolutions 
being about 4000 a minute, the frequency:attained directly 
by multiple poles and high speed rotation is 12,000 per 
second ; and this by action and reaction is multiplied by 4; 
thus emitting a wave from the aerial 64 kilometres or about 
4 miles long. 

A skeleton diagram of Dr. Goldschmidt’s ingenious arrange- 
ment can be given thus: without any statement that those 
precise arrangements are necessarily adhered to. The rotor 
connexions are supposed to be made with slip rings as usual: 
the whole rotor, and whole stator, being of course connected 
up, and not a portion only as in the diagram. 

An explanation is hardly necessary, since each branch 
circuit is labelled with the frequency-constant to which it is 
attuned, and nodes are plainly provided for the attachment 
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of capacity in series so as to raise the frequency in some 
branches. 
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Diagram to illustrate principles used in the Goldschmidt Dynamo, 
not any actual arrangements. 


Theory of the Goldschmidt Dynamo. 


The theory as verbally explained in the preceding pages 
appears to be expressible by the two following equations, 
subject always to satisfaction of tuning conditions in every 


circuit so that'the self-inductance and capacities neutralise 
each other throughout. 


Md 
w= Fa (y cos pt) - uae ibn Ge) 


Modis 
Y= Yo Bi Ge 608 Pe): - ai pub Seats G2) 


where 2 is the current in the rotor, y in the stator, and M is 


the amplitude of the mutual induction between them, 2. e. 
the value when the poles are opposite each other. At other 
times the mutual induction is M cos pt. 

And since the currents are variable too, the above equa- 
tions are justified. They look simple enough, but to solve 
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them generally is not easy ; though it appears physically 
necessary that 

2 must develop into a series of circular functions of odd 

multiples of pt, while 

y develops into a similar series with even multiples of the 

same quantity. 

The series may be stopped at any stage by ceasing to 
provide resonating circuits and permitting radiation and 
dissipation of energy. 

To prove the above equations—remembering that they only 
have that simple form when tuned circuits are provided for 
every intended frequency—write the number of lines of force 
from stator to rotor as N ; and from rotor to stator as N’ ; 


then the E.M.F’. generated is dN/dt or dN'/dt respectively. 
But N=my, and N'=ma, 


and m=M cos pt, 2. e. is a sinuous function of 
time as the armature revolves. 


Hence, if the rotor circuit resistance is R, while that of 
the stator is R’, and if the conditions of § (6) are satisfied, 


yo EN ee Wenn t) 
"BR ae Rat > Rae ee 


Similarly, if yo is the stimulating current initially supplied 
to the stator, the current in it is 


Me nce 
Y=Yot rz (# 008 pt). 


So they are proved. Ihave not yet succeeded in solving 
them generally, but it is not difficult to proceed by stages. 


Working out of the Equations. 


To deal with these equations easily, take them piecemeal, 
and apply them to say four provided branch circuits beside 
the original exciting circuit of stator. Two of these tuned 
circuits are connected to rotor, with resistances R, and Rs, 
two with the stator, with resistances R, and Ry. The latter 
circuit involves useful dissipation by radiation as well as all 
hysteresis and ohmic losses. 

The initial current in stator being yo, the current first 
generated in rotor is 


Leia eo 


Mie eee csc RB” sin ot. 


di 
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The current generated by reaction from this, back into the 
stator, 1s 


ULL ca aa 
72 ai (x, cos pt) 


pene : pM? . 
=p R,”° sin* pt— RR Yo COS” pet 
272 
=— Hibs Yo COS Zpt 
‘] 


The current which this now generates in the rotor is 


Md 
YE ‘R, dé (y2 COs pt) 


Pp? 
Yo Cos 2pt sin pt+ R, ee! Yo Sin 2pt cos pt 


pM 
arly esl: 


yoisin 3pt+sin 2pt cos pt} 


pM? 

~ RRR; 
=> 

= EE. R, yo( 1k sin 3pt+4 sin pe). 


The current which x; now generates in the stator is 


ee 
f= R, dt (25 cos pt) 


as ,avs _ pM, sin pt 
ale ee haan, 


3. Pe 41 cos 3pt cos pt +4 cos? pt—sin dpi sin pt 
—sin 2p cos pt sin pé 


=A{41 cos 3pt cos pl—sin 3pt sin pt +4 cos” pt—4 sin’ 2pl}. 
Employing the identity cos? A—sin? B=cos (A+B) cos (A—B) 
this becomes 
ys==A(4 cos 3pt cos pt+cos 3pt cos pt—sin dpt sin pt) 
= A(4 cos 3pt cos pt+cos 4pt) 
=A{2(cos 4pt+cos 2pt) +cos 4pt} 


piM* 


= rh RR, Yo(3 cos 4pt+2 cos 2pt). 
1°"2 
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Hence the total current in rotor is 


ge gaan M/ p?M’ RAs. 
= 0; + op Sracaet sin 3pt+ R (Fee —1) sin ptt 5 Kop 


and the total current in stator is 
oi leh ine pMP (2p7M? | } 
y=yotyotIe=I0} BAR R, 3 COS oP pa eae cos 2pi+1 ¢ ( 


Thus yo, the original exciting current, is a simple factor 
throughout ; and the circular functions of even and odd 
multiples of pt, which on general grounds were expected, are 
obvious. 


A rather more general treatment. 


On showing this to my brother, Alfred Lodge, of Charter- 
house, late of. Coopers Hill, he pointed out that the neatest 
substitution would be 

0 = pt+4n, 
so as to throw everything into the cosine form and geta 
general method of formation ; subsequent re-interpretation 
being as follows :— 


cos = —sin pt; cos 30=sin 3pt; 
cos 20=—cos pt; cos 40=cos 4pt. 


The terms in the pé formule will all be of the same sign, all 
the x series being in sines, and all the y series in cosines of 
multiples of pt ; “while the @ formulz are all in cosines, the 
signs of successive terms being alternately + and — 

ae: all the coefficients affected with the + sign are ender 
together, their sum will always exceed the sum of the — co- 
efficients by unity ; a fact which furnishes a check on 
arithmetical correctness. 

To calculate successive a’s and y’s proceed thus :— 


Write 0 = pt+ dr. 
Then 
PM 
R, 


Ma 
ie di (7 Cos pt 76 Yosin 4) 


=, Yo Cos 6. 
Mii a d ‘ 
a= 7 0 (sin 8. #,) =e; Coo 70 (4 sin 20) 


= 61 C2Y9 CoS 20. 
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ak sa. 
i=  w (sin 6. ¥;)=c¢, eaeaYo sg (sin 8. cos 20) 


= C1 Cy C3 Yo - ae (sin 8@—sin @) 
= 30102 C349 (3 cos 30 —cos 8). 


They evidently 


Let us ignore ¢,c,¢3...¥9 for the present. 
come in as nie only. 


a s (sin @ . 3 cos 30—sin 0 cos 0) 
ae —4sin 20) 


= 1(3 x4 cos 40—4 x 2 cos 20) 
= 3 cos 40—2 cos 20. 
Now suppose this is A, cos 49—B, cos 20. 
C= iv sin 0(A, cos 49—B, cos 26) 
=; ie Dy sin 50— (A,+B,) sin 36 + B, sin 6} 


— SOAs cos 50 — 3(A,+ By) COS 30 a B, Cos D5 


= * (15 cos 010 —15 cos 30 +2 cos 6). 


Call this A; cos 56—B; cos 30+C;cos@, and note that 
this makes A;—B;+C; = A,—B, = 1. 
Similarly 
Ye = 4\6A; cos 606—4(A;+ B;) cos 46 + 2(B;4+ C5) cos 20} 
dA; cos 60—2(A;+B;) cos 40+ (B;+ C5) cos 20 
$ (45 cos 68—60 cos 40+ 17 cos 26). 


l 


Also 
= +{45 x7 cos 70—105 x 5 cos 504+ 77 X 3.cos 80—17 cos 8} 


= {315 cos 70—525 cos 58+ 231 cos 30—17 cos 65, 
and 
Ys=$ (315 X 8 cos 86 — 840 X 6 cos 60+ 756 x 4 cos 40 
— 248 x 2 cos 26} 


315 cos 86 — 630 cos 66 +378 cos 40— 62 cos 20, 


with multiplier c;c:¢3¢405 C5 C7 Cg Yor 


— 
— 
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Note that 315+378 exceeds 630+ 62 by unity ; also that 
Ag =1x8xX2x8x3xEx4=|(8 = 2. 
Continuing, we find that the positive coefficients for zy are 


the halves of 2835, 5040, and 62 ; while the negative ones 
are the halves of 6615 and 1320. 


For yi the positive coefficients are the halves of 14175, 
34965, and 1382 ; while the negative ones are the halves of 
37800 and 12720. | 


The law of formation of the terms is fairly simple :— 


Thus let 
Un—1 = An-1 cos (n—1)0—B,,_1 cos (n—3)0 


+Cy-1¢0s (n—5)O—+ ..... : 
then 
Un= ${A,-1.7 008 nO —(A,-1+ By_1)(n— 2) cos(n—2)0+ 
= A,cosnO—B,cos(n—2)O0+—..... 
multiplied in each case by yoeoeyo...-- ; the last factor 


being ¢n in the case of y, Also A,=n !+2"-1. 


A few minor considerations applicable in a 
4 circuit machine. 


In first writing down the general equations (1) and (2) 
for the arrangement diagrammatically illustrated above, the 
fact that the different branch circuits may have different 
resistances was ignored. No principle is thus neglected, 
and general solution is made easier. The only resistance 
which is not unimportant or unessential from the point of 
view of radiation is the last of the series, R,, which ought to 
be large compared with the others. 

The constant which characterizes every expression is of 
the form pM/R, the frequency-constant multiplied by the 
mutual time-constant of each circuit. There are 4 circuit 
branches altogether, besides the steady exciting-current circuit 
of the stator; the circuits of the rotor have been called Ry, 
and Rs, those of the stator have been called R, and R,; the 
latter circuit involves useful dissipation by radiation as well 
as all hysteresis and ohmic losses. 
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Thus to summarise sufficiently, ignoring differences in R 
for the moment, call pM/R=c, for all four circuits. 


L=y ise sin apt eGe—1) sin pit 2). 4) Gi) 
y=yo dct cos 4pt + c?(2c?—1) cos 2pt+1}. . (4’) 
There are really four characteristic constants 


Ray or Reta ot. 
which we may denote by c, ce, ¢3, cy, respectively, and so 
can write the values 


& = CyYo{ Begs Sin Spt + ($eg¢3—1) sin pt}. . (8) 

Y —Yo= CyCoYfo{ 3636, COS 4pt + (2e3¢,—1) cos 2pt}. .  (4"") 

To cancel the p frequency, c.c3; must equal 2, or p?M?=2R,R3. 

To cancel the 2p frequency, ¢3c, must equal 4, or p?>M?=4R;R,. 
To cancel both, 2R,R; must equal $R3Ry, or Ry=4Ro. 


It is not likely that these cancelling conditions can be 
satisfied ; nor is it at all certain that it would be desirable 
to satisfy them, since possibly if any intermediate step 
were omitted the graduated rise of frequency might cease. 
But the partial cancelling of merely auxiliary currents 
is of interest, and ought to have some effect in reducing 
unnecessary iron losses. The highest frequency losses are 
inevitable, and the limit of practicable frequency will be 
reached when hysteresis and other such losses become too 
prominent in comparison with what is available for radiation. 
But it must always be remembered that the shorter the wave 
the more powerful is the emission; and so, presumably, the 
shorter the wave the more vigorous would be the reception at 
a distance, save for difficulties connected with transmission 
and accidents by the way. 


Part II. On THE TRANSMISSION OF WAVES IN AIR. 


The rate of emission of energy from an aerial was calcu- 
lated by FitzGerald for a magnetic radiator in 1883, and by 
Hertz for an electric one in his great paper of 1888. Hertz’s 
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result is that the loss of energy per half swing is 
8arte?/? 


dK 


and the loss per second therefore 


9 4 
(=) (el) ae = energy radiated per second 


by an electric radiator of moment e/. It is easy to get this 
by integrating the flow of energy per unit area, HH/4z, all 
over the surface of a large sphere. 

For a magnetic or closed circuit radiator, of moment pnAC, 
a similar expression can be written with v/u instead of v/K. 

This may be thrown into various convenient forms (see 
Lodge and Howard, Phil. Mag. July 1889), and the torm I 
prefer in practice is in terms of the mean square of current 
supplied to the aerial : 


Radiation Power 
in kilowatts 


=4 (amperes)? ( pe ie . Cay 


wave-length 


because the current in an aerial can be measured with an 
ammeter—if necessary a sensitive, hot-wire instrument heavily 
shunted,—and the radiation power can thus be calculated. 
Another way of measuring the current would involve the 
use of a flowing-water calorimeter; which I propose to try 
for this purpose. | 

The main uncertainty about the data is an estimate of the 
effective height of the upper capacity area which shall pro- 
perly enter as a factor into the aerial’s electric moment el ; 
unless indeed there is also a lower capacity area thoroughly 
insulated from the ground: for the effective height must 
partly depend on the perfection or imperfection of the earth- 
connexion and the quality of the soil. If the earth were a 
perfect conductor the effective height would be twice the 
apparent height. In practice there is generally some inter- 
mediate value characteristic of the circumstances of the 
station. 

To establish the above very handy expression for the 
energy actually radiated per second, proceed thus :— 

The magnetic field close to a linear Hertz oscillator is 


eln ; 
ips G2 008 nt sin 6; 


which corresponds to an oscillating current of strength 
encos nt and length J. 
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The current amplitude is therefore 


=~! 
=~] 
=v 


27e 21ev 
Ce en pe 7 eur 
The average current depends on how it is measured ; its 
square may be $C)’. But if it is considered as the quantity 
passing in half a swing, C=e/3T, the radiation expression 
becomes 
lore’ Pe 4ArCP 400u0C7P 400 x 10% eC? 3 
SS a sss = ie == ; - €ros per sec. 
BKAt ~ 3Ken? BN? Te ae 
But in electromagnetic measure the unit of current is 
10 amperes, and 10 ergs per second is a kilowatt, so the 


formula for radiation power is proved; and the true radiation 
(subject to correction for the numerical factor) is 


4 x (mean amperes)? x - kilowatts,. . . (5) 


1 being the effective height, or linear factor of the electric 
moment, of the radiator. 

There are many circumstances which it would seem 
necessary to take into account besides those which appear in 
this formula. Capacity, for instance, and self-induction, and 
arrangement of antenna generally. But they are all im- 
plicitly involved in the wave-length, and there is no need 
specially to attend to them except in considering the design 
of an antenna. For that purpose it must be remembered 
that in true waves the electric and magnetic energies are 
equal, and in any region where they are not equal the excess 
of one is useless for wave emission. At great distances the 
electric and magnetic intensities are necessarily and auto- 
matically equal, because any other part of the energy has 
returned to the oscillator and is promoting persistence of 
vibration, which in the case of shock-excitation is a useful 
thing to do. 

But to determine the conditions which assist radiation we 
may calculate separately the electric and magnetic intensities 
at points on the equator fairly near the oscillator, within 
say a quarter wave-length: or perhaps most simply at the 
eritical distance r=A/7,/2, characterized by m*7”=2, the 
place at which progressive radiation really begins. 

It is manifest that the shorter the wave-length the stronger 
will these intensities be, and hence the stronger the radiation, 
other things being equal; for the radiation through unit 
area at every place is by Poynting’s theorem EH /47. 

Consider therefore the circumstances on the equator of a 
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Hertz oscillator in general. The electric field is there all | 
axial, and is given by | 


= ie {a — mr) sin (mr—nt) —mr cos (mr — nt) ; 3 


which may be written with a phase angle (mr —d) and a 
clearly expressed amplitude, thus :— 


el : 
E= Kev —m?r? + mir) sin {nt—(mr—d)}, 
mr 
where tan o= Tyee 


The magnetic intensity at the same place lies along the 
equator and is 


elmn 


l= 


cos (mr— nO 
Rian Rigel h de ie 3 


mr 


{ sin (mr—nt) + 
or, rewriting it, 
is = /(1+m’r?) sin {nt —(mr+¢’)}, 


1 
y , — —e 
where tand ca 
So at a distance r=A/m,/2, or X/4°4, the amplitude of the 
electric intensity is 
el el, /3 
= —2+44)= —+— 
Fore Vil ot eres 
while the magnetic amplitude is 
l L/3 
Ho= > /(1+2)= ee 
Expressing these in terms of current amplitude, whose value 
may be written alternatively 


Qrre 2aev 
Co=en= === = 


f 


we get, at a distance such that mr=7W2 or r=d/74/2, 


=emv, 


ee V3.Col _ /12. IC 

Oe, Maree a are Ny ; 
E faut Co V3.0. mC) /6 .*luvCy 
SE % cla pi ea ip r : 


——————— 
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To express Cy) in magnetic units we take w as 1, and to 
express Ey in electrostatic units we divide by v. 
Consequently, in the units most convenient, 


while Eigen! B 72 


Thus for a simple vertical linear oscillator, the magnetic 
force somewhat exceeds the electric in the region where 
waves begin. Hence anything which tends to increase the 
electric force, such as a tilted capacity area or the like, will 
assist radiation in one general direction :—as initiated by 
Dr. de Forest in 1904, introduced by Mr. Marconi in 1905, 
and described by him to the Royal Society on 22 March, 
1906 (Proc. Roy. Soc.). 


Design of Aerial. 

The necessity for superposed electric and magnetic fields, 
and the fact that radiating power is their vector product, at 
right angles to the plane of both, explains the main behaviour 
of directive antenne. A linear Hertz vibrator, for instance, 
gives no axial radiation for two reasons, (1) because there is 
no magnetic field at the axis, and (2) because the electric force 
there is “‘end-on,” so to speak, and could not contribute to axial 
radiation anyhow. So also in the case of a closed-circuit 
o-cillator, say a large plane coil of one turn; though the 
magnetic force along the axis is strong, its direction prevents 
its contributing to axial radiation. Hence if a linear and a 
closed-circuit oscillator are combined, as they practically are 
in a [shaped aerial, especially when the upper arm is very 
long, the fore and aft radiation in the plane of the I’, notably 
that in front of the vertical part, will be copious compared 
with that in a perpendicular direction ; and the interesting 
figure-of-8 equal-intensity region, detected by Mr. Marconi 
and his staff, is a consequence. 

All increase of capacity combined with height, in the aerial, 
goes to increase both the electric and the magnetic fields at 
a distance, and therefore will be advantageous (though ex- 
pensive) notwithstanding the concurrent increase of wave- 
length. In fact free capacity and height afford two separate 
means of increasing wave-length without diminishing the 
power of emitting radiation ; while both together increase that 
power ; for radiation is proportional to the square of SV//n?, 
and 2? is proportional to 8 and also to /if the radiator is 


straight. 
But insertion of inductance coils in the aerial will have 


Phil. Mag. 8. 6. Vol. 25. No. 150. June 1913. 3G 
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the effect of lengthening the wave without strengthening the 
field at a fixed distance, and so must act deleteriously on 
radiation intensity; though such coils will promote persistent 
oscillation and tuning, and may therefore be advantageous up 
toa point. Their use will always be of the nature of a com- 
promise ; and this whether they are actually inserted in the 
aerial or are inductively associated with it: so they should 
be kept to a reasonable minimum. 

In an umbrella aerial whose ribs approach the ground, 
charge from the region of greatest capacity has to ascend 
before descending ; wherefore it fails to exert full magnetic 
force at a distance, and conserves some energy which it 
might radiate, thereby becoming more capable of tuning. 
The amount of potential tuning necessary or desirable in 
an antenna must depend on the method of excitation. With 
shock-excitation some amount of it is essential; with main- 
tained waves it appears to be unnecessary ; and accordingly 
in the latter case the more closely an antenna can approach 
to asimple Hertz oscillator—a copious radiator and absorber— 
the better ; some kind of directivity being a still further 
improvement when circumstances allow. 

A practical remark may here be interpolated :—The im- 
portance of great height for the upper capacity area is so 
striking, and the trouble and expense of securing it by 
artificial structures so obvious, that I doubt if sufficient 
attention has been paid—in the selection of a long-distance 
site—to the possibility of finding a mountain or rock of 
sufficiently non-conducting material to serve as the supporter 
of the upper part of an antenna fora station at its base. 
Hxperience would be necessary to ascertain whether the 
surgings in such a hill, or pair of twin hills, need be any 
more deleterious to efficient radiation and reception than 
they are in the iron of the Hiffel Tower, for instance. 


Magnetic Radiation. 


A magnetic radiator only differs from an electric radiator 
in having as moment a current area instead of a pair of 
separated charges; 2. e. wAC instead of el. 

So if the value of C is made to correspond with en, which 
would usually mean a very strong current since n is very 
great, the two radiators would be equally effective when AC 
in magnetic measure equals e/ in electric; in other words 


when, 27 A=IX, 


i.e. in the case of a I aerial, when the efficient length of 
upper arm equals \/2zr. 
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To see what C=en means. Write e=SV. 

Let § be comparable to KI’, that is let it correspond to a 
capacity area not greatly differing from the height of the 
‘aerial in linear dimensions, and let V correspond say to 
nearly an inch spark, say 60,000 volts or 200 electrostatic 
units. Then 


C=nSV 
eG oon metic unit 
=r + 200 e magnetic units 
4000 a l’ 
=— — amperes. 


If 1' is 200 metres and 7 = 4 kilometres, C=600 amperes. 


Itis noteworthy, though now familiar, how strong a current 
amplitude is readily produced by a disruptive discharge. 


Arguments for use of long waves. 


Although short waves have so many advantages, they need 
mot be as efficient as long ones at really great distances if 
‘they have to overcome obstructions or opacities in the 
atmosphere. For when it comes to transmitting waves near 
the surface of the earth, the simple theory of unimpeded 
-etherial transmission is no longer sufficient. Harth con- 
duction and air conduction become of the essence of the 
phenomenon, and many complications may happen to the 
wayes, some of which have attracted the attention of mathe- 
maticians—notably at present Professor Zenneck, who has 
dealt elaborately with the problem of earth and sea con- 
-duction in his important paper in the Annalen der Physik, 
vol. xxiii. page 846, 1907; summarised or translated by Pro- 
fessor Fleming in ‘ Engineering’ for June 4th and 11th, 
1909, and also in the 1910 edition of his book. His treat- 
ment of the effect of earth-surface conductivity seems very 
thorough, but as regards the effect of aerial conductivity our 
knowledge is still slight. 

The reason of the observed obstructive influence of sun- 
shine is not yet clearly known ; butif the opacity of ordinary 
air due to observed ionization is calculated from recognized 
data, it appears to be by no means sufficient to account for 
the observed effect by simple obstruction: though the sur- 
prisingly high conductivity of rarefied air in the absence of 
-electrodes must not be forgotten. 

On the whole it seems probable that the difficulty of trans- 
mission by day must be due to something happening in the 
upper conducting layer of the atmosphere. I assume that 
grazing reflexion from this layer must usually assist trans- 
mission. If the transition of density is sudden, the layer will 


G2 
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constitute a better reflector than if it were gradual ; and if it 
were not sudden enough, either greater power or longer 
wave-length would help to overcome the difficulty. If, 
however, under the influence of rising sunlight or heat the 
reflecting layer should become puckered, so as to offer some- 
thing nearer normal incidence to approaching waves,— 
thereby letting them escape into space,—no increase of 
power alone will do very much towards remedying the evil 
and increased wave-length may become a necessity. 
To examine this whole question further :— 
An absorbed plane wave equation is 
Oh Ge he. Ana iy 
det Pde te dt’ 
and for a solution there are two extreme cases according to: 
whether a critical number 
Aqr AryuTt 2vnr 
—,~ or ——— or 
opl 270 o/ mu 
is smallor large. (See for instance Lodge “ On Opacity ” in 
Phil. Mag. for April, 1899.) 7 
Now the ionization of sun-lighted air under some con-- 
ditions has been estimated as 10~¥ of the total number of 
molecules present : if so it will have a specific resistivity 


o=2x 10” pw sq. centimetres per second. 


In that case the critical number will be small, being of the 
order 10~* for a wave comparable with a kilometre in length.. 

The form of solution applicable in that case is 
Qrpv , 


He Tne eo cos(mr— pt). 


So the distance required to reduce the amplitude of these. 
true waves to 1/eth would then be independent of the 
frequency, 2. e. would be the same for waves of any length,. 
and its value is 


o 
1=s=—- 
1 Qa 


Inserting the above estimate of o for ionized air, this. 
comes out , 

6 1:02? 4 f i 
= 18x 108 = 10° centimetres 
=10,000 kilometres. 


The ionization and conductivity of air encountered by the: 
waves must therefore manifestly be greater than that—. 
i.e. the resistivity must be smaller than 10? c.g.s.—if the 
atmosphere is to stop waves by sheer opacity. 


Yr; 
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But for a conductivity like that of sea-water (which may 
well be reached and considerably exceeded in the atmosphere, 
even without special ionization, by mere reduction of density, 
at the best conducting horizontal level—at least when the 
electric force surpasses a certain critical intensity below 
which even rarefied air must insulate unless ionized—), 


say c=3 x 10" uw sq. centimetres per second, 
the critical number, 
2ur 2 
o/u 1 centimetre’ 


is certainly big ; and in that case the other or diffusion solu- 
tion applies, namely 


Bae VCE) esd pea / (72H) x b : 
oO 


and the distance for reduction of amplitude to 1/eth of its 
value would then depend on the frequency, for it is 


a x)= 5 7x) aX eae ) 
= tae =ae/ (i =4/( eae a 


For a 4 kilometre wave this distance is 1 metre ; and the 
absorption constant varies inversely with the square root of 
the wave-length. Differently sized waves, moreover, would 
travel at different rates; and accordingly the trouble of dis- 
tortion, so familiar in cables, would be introduced by high 
atmospheric conductivity. But we have no knowledge of 
the actual existence of such conductivity except at great 
elevation, where, if it formed a sharply defined smooth 
horizontal layer it would be a help, not a hindrance, and 
would assist in overcoming the curvature of the earth— 
either for the mirage-like reason suggested by Dr. Eccles 
or by still more simple reflexion. 

A law of absorption dependent on the inverse root of the 
wave-length has been suggested by observation ; and such a 
Jaw indicates greater effective conductivity in the general 
atmosphere than is usually considered likely. 


Connexion between Ionization and Conductivity. 


It may be convenient here to write out the connexion 
between ionization and conductivity for air, as ordinarily 
treated electrolytically. 

Let n be the number of ions of one sign per c.c. supposed 
equal, e the charge on each, and vu (=w+v) their combined 
velocities. _ Bel io 

The intensity of current, ———_ =2 = neu, 

area 
The dissociation ratio n/N we may call k, N being the 
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total molecules per c.c.; and by Professor Townsend’s mea-- 
surements the value of Ne for air at ordinary pressure and 
temperature is 1:22 x 101° E.S. units per c.c., or -41 H.M. 
units.’ So, since e=4°65 x 107° HS. units; N=2-6>a0e: 

The speed of ions in air at ordinary pressure, when urged’ 
by a force X, has been measured, and is given by 


ae =420+510 = 930 centim. per sec. per unit H.8.F.,. 


=3'l centim. per second fora gradient of 1 volt per centim. 


y= 


It is found that over a considerable range of pressure 
u, varies inversely with the concentration, or Nw, is constant.. 
So, from the above data, New,=4°1x3°1=13 amperes per 
square centimetre when driven by a volt per centimetre. The: 
intensity of current i=kNeuX, so the specific conductivity 


ms = 2 = k Neu, 
o 
aaa ign 13__amperes i volt 
ko sq. centimetre centimetre 
Hence : 7 ohm centimet a 6.2 
S87 e etre, or a7 6.8-5. 


and the number of ions per c.c. is 


19 9 
peer ete 6x10 ell 2 102 

léo o 

when o is expressed in absolute c.g.s. units. 
_ At really low pressures, comparable with a millimetre of’ 
mercury or less, the mobility of ions is much greater than 
what is here ae with. Besides, all this refers to atomic 
or molecular ions, i.e. to electrolytic conduction, and does. 
not take into account the far greater mobility of free electrons, 
even though they be only momentarily or transitionally or 
potentially free. It seems possible that some writers, in 
considering the opacity of air, may have heen satisfied with 
the known kinds of ion for which data were available ; and: 
that the presence of free electrons in the upper regions would 
give a much higher conductivity than has been suspected.. 
Jt can hardly be doubtful that electrons are directly supplied: 

to the upper air, in the form of @ rays from the sun. 


Ionization Causes. 


With reference to the likely amount of ionization in the 
upper atmosphere, I doubt if sufficient attention has been 
paid to the positive charges presumably received from the- 
sun. If the sun is radioactive it probably emits « as well as. 
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8 rays; and though the @ rays, being most penetrating, 
seem to have been most studied, the « particles may be really 
more important. The 8 rays will tend to be magnetically 
deflected towards the poles, presumably returning along 
upper strata; the « particles will travel with the beam of 
light and will be stopped in the upper regions of the atmo- 
sphere, where they will tend to accumulate. If any y rays 
exist in solar radiation,—and if 8 rays escape from the solar 
atmosphere surely y rays will—they will exert a deep-seated 
effect on our atmosphere; and a horizontal beam of them 
might produce a fairly vertical stratum of ionized air, such 
as would constitute a fairly effective screen or obstacle to 


_ waves which are dependent on reflexion from an upper region 


for their advance. 

Living under a reflecting dome it is natural that there 
should be occasional local concentration of signals, and that 
the varying shape and quality of the dome should greatly 
influence the signals locally received. Harth or sea con- 
ductivity has its more uniform effect, and assuredly conveys 
some part of the signals ; but sea-water conduction is not 
likely to be the cause of capriciousness in signalling, nor 
would it contribute to daylight effects, nor to those speci- 
fically observed at sunrise and sunset. All those must be due 
to atmosphere. 

As regards practical telegraphy—on which here lam only 
touching very incidentally—it by no means follows that 
earth conduction and earth tapping ought not to be more 
employed for signalling purposes than they are; perhaps 
already they are giving more assistance to long-distance 
signalling than is recognized. It is quite possible that, by 
the aid of electric vibrations maintained in the earth’s crust, 
aerial or Hertzian waves may ultimately be dispensed with, 
and something less liable to stray or varying atmospheric 
influences be employed. The trouble of distortion, to which 
this method would be liable, could be overcome by emitting 
only a single pure wave. Meanwhile, and so long as 
Hertzian waves are used, it is safe to say that it by 
reason of inequalities at sunrise the best conducting layer 
of the atmosphere becomes corrugated or bent, it is quite 
likely to divert a good deal of radiant energy which at 
sufficiently oblique incidence would be reflected: and it 
would be most deadly to the shorter waves. Also, the 
effect of a vertical conducting layer, or of corrugations 
in a horizontal one, would be likely to be felt most 
when they were moderately near a sending or a receiving 
station, and would probably be less noticeable when the 
abnormalities were diffused over the half-way region ; though 
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an observation of Mr. Marconi in a Royal Institution lecture 
to the effect that the signals were weakest between Clifden 
and Glace Bay when the boundary between day and night 
was half-way across the Atlantic, tends to negative and 
reverse this idea. 

If anything like a vertical reflector existed behind a 
sending station (as just before sunrise, for instance) it might 
lead to a temporary intensification of distant response. 
Furthermore, any kind of opacity which increased with the 
intensity of radiation,—and we shall proceed in a sequel to 
consider such kinds,—would be more effective near a sending 
than near a receiving station. The fact that sunrise or sunset 
at either station—i.e. a horizontal heam—is specially effective, 
whether as assistance or as obstruction, and the maxima and 
minima which then occur, are very suggestive. Jor facts 
of observation, see first the original discovery by Mr. Marconi 
of the effect of sunshine, in the course of his fine experiment 
of sending Hertz waves across the Atlantic and detecting 
them at different distances and under different conditions 
all the way across; as described by him in Proce. Roy. 
Soe. June 1902; also his Nobel Prize lecture, December 
1909, quoted by Fleming, ‘ Wireless Telegraphy,’ p. 826 
(1910 edition). On the same subject Mr. Pickard made 
observations in America, which are quoted by Professor 
Pierce in his book on Wireless Telegraphy, page 135; Dr. 
Austin, of the U.S. Naval Wireless Department, made 
important measurements in 1910 which are quoted in Erskine 
Murray’s book, page 298 of the 1913 edition. In this book 
indeed there is a general discussion of the whole subject, with 
a summary of practical experience ; and there are doubtless 
other data now available. Some recent ones by Messrs. 
Round and Tremellen are recorded in the ‘ Marconigraph’ of 
November 1912, where also a British Association discussion 
at Dundee is reported. Special attention must be called to 
the Addresses of Prof. Fleming and Dr. Eccles reported in 
Nature, xe. p. 262, and in Electrician, 27 Sept. 1912; also 
to Dr. Eccles’ paper in Proc. Roy. Soc. June 1912. 

I see that Professor Zenneck in his important paper in 
the Annalen der Physik, vol. xxiii. p. 862, makes a very low 
estimate of the conductivity of ordinary air, and doubts if it 
can effectively obstruct the passage of waves. But the fact 
which he notes, that mist-laden air is more transparent to 
long-distance signalling than clear air, speaks powerfully in 
favour of the hostile influence of ionic conduction, or at 
least of the adverse influence of free electric charges ; since 
in mist the ions would have moisture condensed round them, 
and would therefore be loaded so as to destroy the ready 
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mobility on which conducting power, or any influence which 
they could exert, must depend. Thus whether ions act 
by ordinary conductivity, or in some other way such as is 
considered below, we can at least say that opacity and con- 
ductivity are similarly affected, both being reduced by the 
presence of mist. 

Going back to the opacity equation, pp. 776, 7, and its two 
cases there considered, there is one intermediate possibility ; 
namely that the resistivity of the medium might sometimes 
have a value such as would make the critical number neither 
large nor small, but say unity. We may consider what will 
happen then. 

It 47/opK is to be 1, it follows that c=2yvrr; or, for a 
kilometre wave, that o is of the order 

6 x 10” yw sq. centimetres per second. 


This appears a very possible value for rarefied air ;—indeed 
Dr. Schuster has estimated that, at a height of 100 kilometres, 
atmospheric conductivity is of the order 10-18 c.g.s., equi- 
valent to 10,000 ohms per c.c.,in order to satisfy the require- 
ments of his theory of magnetic variations ;—and in that case 
we must use the general solution 


F= Fe" * cos(pt— Br) 


: Gone ‘S Aor \- 
2 . 2 —_ , Jy 
With, <a? or 6? = 3 HKp {./(1+(ZR) jul. 


Or calling the critical constant ¢, 
wf z 
o— y eM EE) _ 2\ 


These are general values ; so, taking ¢ unity, as the special 
case we are now considering, we get 


amV/(2/2— Ds = 9S, 


B= /Q/24+2)= = 215. 


Hence, with the intermediate value for o, the distance for 
reduction of amplitude to 1/eth is comparable with the wave- 
length; being, in the special case just written, about 2/3. 
The absorption constant begins in this case to be inversely as 
the root of the wave-length, and there is incipient departure 
from true wave propagation. 

Any local approach to such atmospheric conductivity as 
‘belongs to the intermediate case,—for instance by the stirring 
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up of some highly ionized layer by convection currents,— 
would amply account for serious obstruction to any but the: 
longest waves. 


Other Causes of Atmospheric Opacity. 


Apart from what is caused by regular electric conductivity 
in the ordinary way, there is another possible kind of opacity, 
due to a curious and unexpected effect of radiation on 
electrons, discovered mathematically as far as I know by 
Sir J. J. Thomson in 1902, and contained in his paper ‘“ On 
the Hmission of Negatively Electrified Corpuscles by Hot 
Bodies,” in the Philosophical Magazine for August 1902 
(ser. 6, vol.iv. p.258). ‘This paper appears to have attracted 
very little attention, though it is referred to by Professor _ 
Fleming in his comprehensive treatise on Wireless Tele-- 
graphy, 1910 edition, page 824. 

The foundation of it is the action of etherial waves in 
propelling or sweeping up electrified particles in the direc-- 
tion of wave propagation, thereby communicating to them 
energy which presumably must be taken from the available 
energy of the waves ; though the author of the theory does. 
not seem to attach importance to this process as an absorber — 
of energy, nor to contemplate it from that point of view.. 
He directs attention to another and more ordinary kind of 
opacity, due to the scattering of radiation by corpuscles over: 
which the waves are passing. So far as light is concerned, 
this process is indeed likely to be more effective than the 
other as a disperser of radiant energy, though it leaves the 
energy in the ether and does not transfer it to particles of 
matter. The radiation scattered by the particles should be 
polarized, as all light reflected from small particles is, and. 
Sir J. J. Thomson calculates the coefficient of absorption 
due to this kind of scattering, as 

Anu? Ne 
3m 

This therefore is independent of wave-length, but must 
always be very small, even when the ions are electrons,. 
because the fourth power of ionic charge occurs in the 
numerator. The ionization might be great, say a million 
electrons to the cubic centimetre, and yet the above absorp- 
tion-coefficient would’ be only of the order 10-” per centi-- 
metre. This is insignificant of course for all terrestrial 
distances, but in the depths of space it seems likely to have 
an effect of some importance, not indeed as destroying 
energy in the ether, but as ultimately converting transparency 
into translucency. 

What the ionization of interstellar space is I have no. 


of Ether Waves in Air. 783: 


idea, but assuming there may be no more than four stray 
electrons on the average to the cubic centimetre, there would 
still be a calculable opacity due to this cause ; for.a distance 
of 10?! kilometres, or a hundred million light-years, would 
reduce the energy of direct radiation to 1/eth of its value. 

Professor Barkla has informed me that for X-ray pulses. 
it is not necessary for electrons to be isolated in order to. 
exert a scattering influence, but that electrons associated 
with atoms of matter appear to be sufficiently free to 
take part in the process. It may be that thus much ultra- 
violet light is stopped, for to small enough waves the opacity 
so caused would be considerable, because of the immense 
value of N. That which is supposed by the above theory to 
occur to waves of all kinds, in really ionized space, has thus. 
been already observed in the case of those minute waves to 
which atom-bound electrons are partially and sufficiently free.. 

Returning to the consideration of the other phenomenon, 
the bodily propulsion or sweeping forward of electrons by 
the wave: at first sight it is not easy to realize physically 
why electrified particles should be thus propelled ; but no 
flaw appears in the reasoning, and it may be classified as a 
phenomenon akin to the magnetic deflexion of cathode rays.. 
For (a) The electric force of a wave will obviously tend to 
move a charged particle in its own direction in the wave- 
front ; (b) directly it moves, it is a current, and is therefore 
acted on by the magnetic component of the wave ; and (c). 
this action will propel it in a direction at right angles to. 
both, 2. e. normal to the wave-front. 

Taking the plane of the wave as «xy, and the electric 
intensity as X, the force acting on a charge e is Xe in the 
first instance; though in so far as the particle is propelled 
along the ray it becomes subject to magnetic force also, 
and the whole a force is 


mi = Xe—pHez. 
Also ney.— 0, 
and mz = pHe «. 


These are the equations ; and when they are worked out, as: 
they are on pages 257-8 of the Philosophical Magazine for 
August 1902, the result is a progression superposed upon an 
oscillation ot twice the wave-frequency, a sort of fore= 
shortened cycloidal motion, expressed by the equation:— 
2 | 2) 2TT 9) 2 
v—(v— 2 fe Bas 4 1=c0s 2(pt —qz) } 


Sar2m? 


the original wave being 


H= H) cos (pt—gqz). 
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Hence, denoting the quantity oe =o 
i mT 
or ultimate value of oe apart from oscillations, by w, we 
have the equation | 
ef — (v—w)? =u; 


by u, and the maximum 


or, since u is generally decidedly smaller than », 

es ae ie ew Hy2r2 
© 20 Torna 
The particle will be joggled forward with twice this speed 
every time a ventral segment reaches it, and will be reduced 
to momentary rest in the suck-back of the nodes. 

On showing this to Professor Poynting he stated his belief 
that a resistance term had been omitted from the original 
equations, a term expressive of the energy consumed in 
radiation whenever a charge is accelerated. Indeed a moving 
charge seems likely to be in a curiously unstable condition, 


for although it encounters no resistance as long as its velocity 


is uniform, yet directly there is acceleration of any kind, 
even retardation, it must begin to transfer its energy to the 
ether in a way which is equivalent to the action of a retard- 
ing force ; so that an initial retardation would tend to be 
intensified, and thus apparently an electron could be readily 
induced to stop dead. If this be the case, then the opacity 
hereafter treated may depend not merely on the newly born 
ions, as hereafter supposed, but on the total ionic, or at least 
electronic, content: and the sweeping up of the ions would 
itself constantly make a call upon the energy of the pro- 
pelling waves, unless their motion could be guaranteed 
absolutely uniform. I do not propose to attempt to develop 
this important suggestion, and will proceed without further 
reference to it. 

‘The inverse electrochemical equivalent e/m is 10"/,/pe.g.s. 
units, and the wave-energy per ¢.c. is wHo?/87; (remembering 
the electric energy as well as the magnetic, and also the fact 
that H) is the maximum, not the average, of H). 
pe? Ho” Dd? | 


mm” Sar “2Qrv’ 


So w= 


and the velocity imparted to the particles is proportional 
both to the energy-density and to the square of the wave- 
length. Short waves, like those of light, cannot be expected 
to do much in the way of propulsion, except perhaps in the 
neighbourhood of the sun where they are very intense ; but 


anything like radiation of Hertzian wave-length may be 


eS 
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expected to sweep away the charged corpuscles which it 
encounters and to leave a clear space. 

To get an idea of the magnitude of this influence of 2 
Hertz vibrator, take a straight vertical one of electric 
moment @/ with a current amplitude in it C,=27Q/T. The 
magnetic field at any distance r (greater than say half a 
wave-length) is 


iS S22 —+~cos @.sin (qr—pt), 


where @ is the inclination to the horizon (the latitude, so to 
speak). So on the “ equator ” the magnetic amplitude i is 


Am?’Ql — 27Col 
EA ie en, 4 


i, 


Hence the velocity acquired by the particles, 


(AH)* 
ne be: “a v 


pci Say 


So the speed generated in an electron by an upright Hertz 
radiator, at a distance 10 times the height of the aerial 
along its equator, will be comparable to a kilometre per 
second if the mean aerial current is 600 amperes. The 
velocity thus generated naturally falls off with the square 
of the distance, just as the wave-energy does. 

The mere propulsion of a set of particles will not appre- 
ciably consume the energy of a wave, provided the particles. 
remain individually the same and continue free, for electrons 
steadily on the run would not contribute to opacity*. Under 
the influence of Hertzian waves they would either be driven 
into the atoms, or else would speedily acquire a terminal 
velocity and be swept out of the way. The process suggests 
a curious method of clearing the air of electric charges ; 
and there may be some application of long electric waves for 
this purpose. Assuming that ions in the atmosphere must 
have some meteorological influence, it would seem just 
possible that an indirect ether-wave effect on the weather, 
such as cranks have anticipated as likely to be due to wireless 
telegraphy, may not be so absurdas at first sight it appeared. 

But passing this for the moment, and returning to the 


* See, however, the suggestion of Professor Poynting, referred to 
on page 784, 
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question of a possible opacity or obstruction to the passage 
of waves due to this cause, we must realize that solar radia- 
tion consists not of light alone but probably of «, 8, and 
vy rays also. Ultra-violet light, and « rays if they reach us, 
will be active ionizers in the upper regions of air, but the 
more penetrating kinds of radiation should ionize much 
more than a superficial layer, and when the beam of sun- 
shine is horizontal a great deal of atmosphere may be 
affected. 

By some such extra-terrestrial influence, in addition to 
any effect of emanations from the earth’s crust, the ioniza- 
tion of the atmosphere may be preserved and constantly 
renewed, in spite of the clearing-away tendency of Hertzian 
waves. And if these waves thus have a continually renewed 
set of charged particles to deal with, they will be virtually 
encountering a constantly increasing mass; and some amount 
of their momentum and energy must be absorbed by trans- 
ference to the particles. 

Now we know, from Maxwell, Poynting, and others, that 
the energy of radiation per unit volume may be regarded as 
a momentum carried across unit area per second; in other 
words, as a pressure or potential pressure in the direction of 
travel. ‘This pressure P may be expressed either as an 
energy density, 7. e. In ergs per ¢.c.; or as a pressure, in 
dynes per square centimetre ; or as a surface density mul- 
tiplied by an acceleration; or as a volume density multiplied 
by the square of a velocity ; or merely as the momentum 
travelling per second through unit area. If no obstacle is 
encountered, the radiation momentum is merely passed on 
in the ether undiminished, and the potential pressure is not 
mechanically exerted; but if matter is present, some of it is 
transferred to matter, and the etherial power will to that 
extent diminish, even without any production of heat. 

It has long been known that small particles are most 
readily moved by the pressure of light, but now we see that 
charged ions of low atomic weight, and especially electrons, 
are more affected than anything else; especially by long 
waves. 

The momentum transmitted per second to matter will be 
a certain fraction of Pv, and will equal the material momentum 
generated in the same time, Nmvw; where mw is the 
momentum attained by each particle, and Nv the number 
freshly encountered per unit area per second. 

We may express it better thus :— 

The loss of P per centimetre is @P/dwz, and this will be 
accounted for by the gain of momentum generated per 
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second in each cubic centimetre, - (Nmw). Ordinarily, in 


‘such an expression, speed is the variable; but here w is a 
terminal velocity, which must ultimately be attained by ail 
the fresh matter encountered, so N is the variable; and 
dN/dt signifies the number of ions continually produced by 
extraneous causes in each c¢.c. per second. Hence our 
equation is 


dP ty aN 
mee ae 
. ZPNS 1 
— —_Nm cn at joss Se, 
0 


‘Or the wave energy-density remaining, after a journey of 
length z, is 


pepe, 


It must here be remembered that the relevant variation of 
P has nothing to do with its natural decrease with distance 
as a function of r, but represents solely its gradual diminu- 
tion by absorption in successive layers, in geometrical pro- 
gression. Hence the distance needed to reduce the wave 
energy per c.c., or the momentum per second per square 
centimetre, to 1/eth of the value it would otherwise have 
had at any given place, is 2, where 


27vm 


<9— N pe?r? 5 . ° . ° ° (6) 


which is of length dimension, as it ought to be. We see 
that it will be shorter for electrons than for any other kind 
of ions, and that the absorption will vary with the square of 
the wave-length. 

To get an idea of its value we can remember 


that ue?/m? is of the order 10 c.g.s., for electrons, 

that v=3 x 10!° centimetres per second, 

that m is of the order 10-77 grammes, 
and that in practice X may be anything from 100 metres to 
10 kilometres. 

Taking these two extreme cases as typical; and assuming, 
as a moderate estimate, that 10,000 electrons are liberated 
by sunshine or other agency, per c.c. per second, all along the 
effective path of the wave; the distance required for etherial- 
wave-energy to fall to 1/eth of the value it would otherwise have 
6m Xx 1028 
had is w= “ype centimetres, or 20 x 1019/X?. 
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This distance, therefore, for a 100 metre wave is very 
great, and for a 10 kilometre wave is 2000 kilometres. 


The case of interstellar space. 


As to an infinitesimal opacity of interstellar space due to 
this cause, assuming that any ionization goes on there at all, 
it is only a question of how long it will be before even light- 
waves are absorbed; though long waves are much more 
readily dealt with. Let there be only half an electron 
produced per c.c. per second, and take the wave-length as 
6x 10-° centimetre, the absorption-distance in such a case 
is 10° centimetres, which corresponds to a light journey of 
10” years. 

The other or scattering kind of absorption above spoken 
of is therefore likely to be of much greater proportional 
influence, so far as the short waves of light are concerned ; 
and in the immediate neighbourhood of the sun Sir J. J. 
Thomson thinks it likely that it may partially account for 
the Corona. 

But in any solar system region of space, where electrons 
are plentifully produced, long Hertzian waves will be liable 
to become absorbed and to exhibit their energy in the form 
merely of streams of corpuscles. 


SUMMARY. 


Part I. of this paper gives the theory of the Goldschmidt 
Dynamo, for any number of circuits, up to a magnifying 
ratio of 10. 

Part II. deals with obstacles to electric wave transmission 
due to various kinds of opacity, or virtual opacity, in the 
atmosphere ; and emphasises the important influence which 
the highly conducting layer necessarily existing at a certain 
height must play, with fluctuations according to whether it 
is uniformly spherical or irregular in shape, and with 
reference also to the distribution and amount of its 
ionization. It is suggested that sunshine interferes with 
this layer ; either by altering its shape through heat, or by 
making its transition more gradual through general supply 
of B particles. It is also suggested that under the action of 
solar radiation of all kinds electrons may be momentarily 
set free enough to promote several newly-expected kinds of 
atmospheric opacity. Incidentally a useful practical ex- 
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APPENDIX. 
More general solution of equations (1) and (2) (p. 763). 


It was pointed out by Mr. H. F. Thompson of Charterhouse, 
to whom the equations were shown, that when the coefficient 
m= M/R was the same in both equations, the variables could be 
separated by introducing f=v+y, yn=«2—y; for then 


d 
m . —£(sec pt+mp tan pt)+b sec pt=0, 
dn 
ma —7 (sec pt —mp tan pt)+6 see pt=0; 


whence ultimately 


1+sin 0\2” sin 6\2” 
6 cos 0=(T amp oa) {c-mnf (75555 5) aot, 


where O=pt, n=I1/mp, and b=y,; 


with a similar expression for 7 with the fractions inverted, and a 
different arbitrary constant. A Fourier expansion can be made, and 
coefficients calculated ; and though there is no guarantee that the 
series will be convergent, this appears not to matter practically in 
this case. 

Tt will be more convenient, however, to quote the not dissimilar 
but completer solution with which Mr. C. A. Gaul of Marl- 
borough has favoured me, for the case when the two coefticients 
are different. His process, abbreviated, runs closely as follows :— 

The given equations are 


d a 
c=m sz (y cos pt); y=b+m ah cos pt) ; 


or nav= 008 © (y cos Ge ts Wietidee es he GR) 


d 
and n'y=n'b-+ cos 07, (@ EOSID ee ae eae (te) 
where n=1/mp, n=1/m'p, 0=pt, s=sin 0. 
d d 
Now since qs (098 6)=—tan 6, we get from (ii.) 


d. 
n'y cos 8=n'b cos 8+ cos® 05 —w sin 6 cos 0; 


substituting in (1.), we can soon find that 
(1—s? Ya ee ~45(1—s4) 2 — w(1+nn' — 2s’) —n'bs=0. 
Phil. Mag. 8. 6. Vol. 25. No, 150. June 1913. dH 
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In the same way the differential equation for y can be 
obtained ; it only differs in having + xn’b substituted for —n’'bs. 

Therefore # and y are both functions of s. 

Hence we may assume that they can be expanded in powers of 
sin @; an expansion which readily takes the form 


c=a,+a,sin6+a,cos 20+a,sin30+.... . . (i) 
y=h, +6, sind+b, cos 20+6,sin30+.... . . (iv.) 


Substituting in the original equations, (1.) and (i1.), we get two 
equations like 


n(a,+a, sin O+4, cos 20+ a, sin 3O+ ....) 
= ~(b,+2b,) sin 0+(b,+0,) cos 20 — 3(6,+,) sin 30+ .... 


Equating coefficients in this pair of identities, we find 


aU, ost b=, (2) 
na, = —(b6,+36,), (3) n'b, = —(a,+3a,), (4) 
na,=b, +,, (5) nv'b,=a,+a,, (6) 
Non = 1"( bay —-1 + bay41); 1'bo, = 1(d27—1+ G2r41), 


WO ge) — men +1)(b2+ 2,42), 1 b2r41= re a(2r +1)(a2,+ doy 42). 


Taking a,, 6,, as the arbitrary constants, and using these equa- 
tions in numerical order, we find in succession 6,, a,, b,, @,.... 
in terms of a,, 6, and the known constants n, n',b. This is the 
General Solution. 

With 6,=9 as the special case, we find successively all the even 
as and odd 0’s zero. 


Hence (iii.) and (iv.) reduce to 
e2=a, sin @+a,sin30+a,sin504+.... . . (ii) 
y=b,-+6, cos 2045, cos40+ ...... «5 vepukeeee 


where 
na, = —(b,+ 36,), 6, =6, 
na,= — 3(b,+,), nu'b,=a,+4a,, 
na,= —3(b,+6,), n'b =2(a,+a,), 


Nbr 41 — 3(2r +1 ar + bor 42)y 1'boy. = 1(dar- i Gry+1)- 
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This solution is excellent, given the legitimacy of a Fourier 
expansion ; but my brother distrusts this as manifestly divergent, 
and considers that, apart from physical considerations and elec- 
trical devices, the strict solution is an exponential one. His own 
treatment is as follows :— 


Given ee “wy COs hy, a aia otyasinee es Ny 
; d 
n'(y—b)= de COS OI) Ale a EY a en ae) 


d 
any =D) = 554 £088.79 (£08 8) f 2 ~ (&) 


Let ycos@=2, tan@=sinhu; and call nn'=N°. 
Whence sec 0@=cosh u=du/dé ; 


dz d d dz d’z 
also du = 8 TAC) cos 8); and Fe dn ee ae 


Therefore the differential equation becomes 


2 
Te =N%y—b)cos0; « Rm ey 


d 2 
Det 2e-% 
1. Gs, ge —N’z= — N*b sech u=--N’%O. 1+ e-4 
as = SNe Oe ee.) e 
2N*b 


z=A cosh Nu+B sinh Nu+ Woaae fe-u—e-3u 4 e-Su_ 4 1. (5) 


eh 


Now oA is ao ae Reg 
N?— De NA” 


—U —3u —du 
y cos 0=2=A cosh Nu+B sinh Nu +2N% { Nop poe tp | 


—uU Q,—3u 
nx cos @= = = N(A sinh Nu+B cosh Nu)—2N’b | xi et ; ) 


rin Wop” Noe 


where coshu=secO=secpt, and N*’ = RR’/p?M?, as stated 
above. 


That this solution satisfies the equations (1) and (2) can be 
verified ; but the series of circular functions is more practically 
useful, since the higher frequencies which go to build up the 
above total result are barred by the conditions of the actual 


problem, 
aH? 
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LXXXIII. Some Heperiments on ie Réntgen Ra- 
diation. By J. Crospy CHAapMan, B.Sc., Tutor in Mathe- 
matics, King’s College, London; late Research Student of 
Gonville and Caius College, Cambr idge™. 


Introduction. 


LL the experimental evidence obtained within the last 
few years indicates the fundamental identity of X-rays 
and light: this evidence includes experiments on the 
properties of the scattered, fluorescent, and corpuscular 
radiations, as well as on the polarization, interference, 
reflexion, and the velocity of X-rays. These seem to establish 
the theory that X-rays are merely light-waves of exceptionally 
short wave-length. Previous to the recent experiments on 
interference, one of the most significant properties which 
Rontgen rays had been shown to possess was that of polariz- 
ation, Barkla +, as early as 1906, showed that it was 
possible to produce a secondary beam of X-rays which shows 
fairly complete polarization. 

Up to the present all experiments on the rotation of the 
plane of polarization have been made using light of a wave- 
length of the order of that found in the visible spectrum. 
The results indicate that the magnitude of the rotation in 
quartz and other active substances varies inversely as some 
power of the wave-length. This power over a considerable 
portion of the spectrum examined is the square, but it does 

not hold over a wider range. 

On the assumption that Roéntgen radiation is merely light 
of exceptionally short wave-length, it seemed possible that 
a great rotation of the plane of polarization of X-rays might 
be obtained under suitable conditions. 

The object of this present research, suggested by Professor 
Barkla, was to test directly whether ‘anything corresponding 
to a rotation of the plane of polarization could be obtained 
with X-rays. 


Apparatus. 


The apparatus was essentially similar to that used in 
previous experiments on X-ray polarization. X-rays from 
the anticathode O of an X-ray tube passed through the slits 
S, and §, in lead screens on to the first radiator R,; a 
portion of the rays scattered from this radiator passed through 
the slits S;, S,, and S; in further lead screens, on to the 
radiator R,. At equal horizontal and vertical distances of 

* Communicated by Prof. C. G. Barkla, F.R.S. The expenses of this 


research have been partly covered by a grant from the Royal Society. 
+ Bakla, Proc. Roy. Soc. Series A, vol. xxvii. pp. 247-255 (1906), 
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about 12 cm. from the radiator R,, two similar electroscopes, 
A, horizontal, and A, vertical, were placed so as to subtend 
the same solid angle at the plate Ry, the face of which was 
equally inclined to vertical and horizontal lines drawn from 
the centre of the radiator to the electroscopes A, and As. 


Ss 
Symes 
pd 
A Van 
agely Sy) 


1 
A, (Dotted lines) vertically above Ry 


The substance which was being tested as regards its power 
of rotating the plane of polarization was placed at XX, so 
that the secondary partially polarized beam of rays from R,; 
passed directly through it before striking R,. A full account 
of this apparatus and the: conditions which it must satisfy is 
given in the original paper *, where it is demonstrated that 
while there is but little polarization in the primary beam, 
yet in the secondary beam there is a considerable amount of 
polarization. This follows from elementary considerations 
of the usual theory of scattering. 

In the present experiment, the primary and secondary 
beams were horizontal. When this was the case, and both 
the radiators at R, and R, consisted merely of a scattering 
agent such as carbon, it was found that the horizontal 
tertiary beam passing into A, was of much greater intensity 
than the vertical tertiary beam passing into A,. When, 
however, the carbon plate at R, was replaced by a plate 
capable of giving a preponderating characteristic radiation, 
which has been shown to be distributed equally in all 
directions f, the intensities of the radiation reaching the 


* Barkla, Proc. Roy. Soc. Series A, vol. lxxvii. pp. 247-255. 
+ Barkla and Ayres, Phil. Mag. Feb. 1911, pp. 271-278, 
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electroscopes became approximately equal, showing that the 
solid angle subtended by each electroscope at Ry was the same. 


General Method. 
The ratio :— | 


intensity of horizontal tertiary radiation 
intensity of vertical tertiary radiation ’ 


when carbon is used as a tertiary as well asa secondary 
radiator, can be taken as a measure of the polarization of the 
beam. When this ratio is unity, there is no polarization, 
and the greater this ratio becomes, the larger is the 
polarization in the beam. It was this ratio, determining the 
polarization, which was measured in the experiments. 

Suppose that in a particular case this ratio has been 
determined when the secondary beam has passed directly 
from R, to R,. If, now, at XX there is placed a substance 
which is capable of rotating the plane of polarization of 
X-rays, after transmission through this substance, we should 
expect each portion of the beam to be rotated through an 
angle which is a function of its wave-length and the distance 
traversed in the substance. If Roéntgen radiation is light of 
an exceptionally short wave-length, then, while there would 
be considerable polarization in the incident secondary beam, 
after transmission the polarization of the beam would be 
destroyed, for something amounting to a random rotation of 
the various constituents would have taken place. If, how- 
ever, as seemed possible, only a few of the electrons of the 
rotating agent were effective, then a much smaller change 
in the state of polarization might be expected. 

With the idea of investigating this possibility of there 
being a considerable rotation, the following experiments 
were made. Three substances were examined :— 


(a) Iron in a magnetic field. 
(6) Quartz. 


(c) Sugar solution. 


Eaperiments on Iron in a Magnetic F reld. 


The magnetic field was produced by means of a coil of 
wire consisting of 200 turns, through which currents up to 
4 amperes could be passed. In the centre of the magnetic 
field so produced and perpendicular to it was placed the 
thin sheet of iron, the power of rotation of which it was 
required to investigate. The pure iron, specially rolled by 
Messrs. Johnson and Matthey, was of thickness ‘008 cm., 
which enabled a considerable portion of the X-ray beam 
used in the experiment to be transmitted. The iron mounted 
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in the coil was placed at XX, directly opposite the slit S, in 
the lead screen, and its fees was slightly greater than 
that of the slit. 

In the first part of the experiment the iron was un- 
magnetized, and the ratio of the intensities of the tertiary 
radiations reaching the electrosecopes A; and A, from R, was 
determined. This involved two measurements :—(1) the 
intensities when the radiator Ris present ; (2) the intensities 
when the radiator R, is absent. By subtracting these two 
readings the required ratio was determined. The iron was 
then magnetized, and this ratio again measured. It should 
be stated that the deflexion in the electroscopes when the 
radiator R, is absent is due largely to natural ionization 
and the electrostatic leak across the ebonite which supported 
the gold leaf, only a negligible fraction being due to that 
scattered from the slit at S; and from the air. This was 
shown by removing R, and measuring the leak in the two 
electroscopes, firstly when R, was present, and secondly when 
R, was absent. There was next to no difference in the two 
deflexions, showing that the scattering effect is negligible 
when R, is absent. 

In the Tables J. and II. a complete set of observations 
is given, and in Table III. the final results obtained ina 
similar manner are summarized. The time of observation 
varied from ten to fifteen minutes. 


TABLE I, 
Tron in a magnetic field reaeety of field =320 uss. 


electroscope electroscope 
Conditions of experiment. receiving hori- receiving 
zontal tertiary | vertical tertiary 
beam. beam. 


 etiaint of Se Deflexion of 
| 


ere radiators R,+R, present. } 144 6:3 
ron unmagnelized ...2.......0.5-.5. 
Carbon radiators R, +R, present. a $ 
Tron magnetized a Srammern te } 144 =? 
Carbon radiator R, present, R, 
PBEM gi ss 2. doddnaaceniaseagn ante oce: 8:3 | 4°8 
Eran CESENL «00 2.0 uceeest song bons- | 
| | 
Carbon radiator R, present. 7-8 | AA 
At R, an arsenic "plate . re ie See 
Carbon radiator R, present. } 6-2 | 2-8 
Pe AADSOUL > Jun so. 0+ -ccecmaniaaseeaoen- se ES ac lion eR 7 
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Whence by subtraction :— 
Tas_e II. 
| 
Intensity of Intensity of 
tertiary radi- | tertiary radi- 
Conditions of experiment. | State of iron. | ation reaching | ation reaching 
horizontal vertical 
electroscope. | electroscope. 
Carbon radiators R, +R,...| unmagnetized 671 15 
Carbon radiators R,+R,...| magnetized 61 16 
Carbon radiators R, ...... : é 
Arsenic radiator at R, ... } preseat e is 
Whence :— 
Polarization of beam when transmitted) _ 61 _ 4] 
through unmagnetized iron............ age Crista ; 
Polarization of beam when transmitted) — 61 _ 3.8 
through magnetized iron.............. [ae eG 
Polarization of beam radiated from) — 16 _ 10 
arsenic: plate at Reicha ae vespoeetes 7 ds@ hee 


Combining this result with others deduced in a similar 


manner :-— 


TABLE III. 


Polarization of beam when 
transmitted through 
unmagnetized iron. 


41 
32 
3°0 


Mean value 3°4 


| 


Polarization of beam when | 
transmitted through 
magnetized iron. 


38 
30 


3'2 


3°3 


These results show that the ratio which determines the 
polarization of the secondary beam does not alter when the 


iron through which the beam 


is transmitted is magnetized. 


Had there been present anything of the nature of a rotation 
of the plane of polarization, it can be seen at once that there 
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- would have been a decrease in the intensity of the horizontal 
tertiary beam and a consequent increase in the intensity of 
the vertical tertiary beam, resulting therefore in a con- 
siderable decrease in the ratio which determines the 
polarization. The fact that this ratio does not alter proves 
that no appreciable rotation of the plane of polarization 
takes place. 
Experiments on Quartz. 

The crystal used had to satisfy two conditions: firstly, it 
had to be approximately of the area of the slit in the lead 
screen at S,, and it had also to be thin enough to transmit 
rays of the hardness used in the experiment. The quartz, a 
right-handed crystal cut perpendicular to the optic axis, was 
6°5 cm. in diameter, and of thickness 4 mm. 

The method of investigating its rotatory power for a beam 
of polarized X-rays was very similar to that described in the 
case of iron. In the first part of the experiment, the ratio 
of the intensities of the tertiary beam reaching the electro- 
scopes A, and A, was determined when the quartz was 
absent. The quartz was then placed at XX, in the path 
of the secondary beam, and the ratio which standardized 
the polarization again determined. In the experiment the 
quartz transmitted from 70 to 30 per cent., according to the 
hardness of the bulb. 

The full results are given in tabular form. 


Quartz. 
TaBe IV. 
| Deflexion of | Defiexion of 
| electroscope electroscope 
| Condition of experiment. receiving hori- receiving 
zontal tertiary | vertical tertiary 
. beam. beam. 
( (i) Carbon radiators 9: ; 
Direct | R,+R, present. ae ae 
as { (ii) Carbon radiator | ; 
beam. | R, present ...... 75 36 
\ R, absent ...... J 
| { (i) Carbon radiators ; : : 
Secondary beam | R, +R, present | wee a 
transmitted 4 Gi) Carbon radiator | 
through quartz. | R, present ...... 8-4 37 
R, absent ...... J 
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TaBLe V. 
Intensity of Intensity of 
tertiary radiation | tertiary radiation 
Condition of experiment. | reaching horizontal | reaching vertical 
electroscope. electroscope. 
Direct secondary beam ...... 53 13 | 
Secondary beam transmitted 
through quartz ......s0..:c.+. o4 08 | 
Whence :— 
° ° 5 
Polarization of direct secondary beam ... = = =a) Ae 
Polarization of secondary beam after \ 3°4 Z 
transmission through quartz ............ i inanba eS £2. 


Combining this with other results deduced in the same 
way :— 


TABLE VI, 


Polarization of secondary 
beam after transmission 
through quartz. 


Polarization of direct 
secondary beam. 


4-1 4:2 
39 3'8 
34 3°2 
3-4 32 
4:2 3°8 
Mean value. 36 35. 


Again it will be seen that the polarization present in the 
secondary beam is the same before and after transmission 
through the quartz. That is, quartz which is active for 
ordinary light has no power of rotating the plane of polariza- 
tion of X-rays. 


Experiments on Sugar Solution. 


A solution of active sugar exerts a powerful rotation on the 
plane of polarization of light. A similar experiment has 
been made, using a beam of plane-polarized X-rays in the 
place of the beam of ordinary light. 
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A concentrated solution in water of centrifugal sugar was 
made, and a thin film of this solution was placed in a cell 
5 cm.x8 cm.x2 mm., the walls of the cell being of thin 
mica. In this way a film 2 mm. thick of the active sugar 
solution was obtained, through which a considerable part of 
the polarized beam of X-rays could be transmitted. 

The method of ths experiment was precisely similar to 
that used in the case of the quartz. 

The results are given below. 


Sugar solution. 


TasLEe VII. 
Deflexiou of Deflexion of 
electroscope electroscope 
Condition of experiment. receiving hori- receiving 
zontal tertiary |vertical tertiary 
beam. beam. 
(i) Carbon radiators } : , 
Direct R, +R, present. [ a2 Be 
| 
secondary 4 (ii) Carbon radiator 
beam. | R, present ...... 51 32 
\ R, absent ...... 
( (i) Carbon radiators 9°7 4:5 
Secondary beam | R, +R, present. 
EU { (ii) Carbon radiator 4:9 3:1 
through quartz. | R, present ...... 
\ R, absent ...... f 
Taste VIII. 
Intensity of Intensity of 
tertiary radiation | tertiary radiation 
Condition of experiment. | reaching horizontal| reaching vertical 
electroscope. electroscope. 
Direct secondary beam ...... 74 og b 
Secondary beam transmitted 
through sugar solution ... £3 14 
That is :— Le 
Polarization of direct secondary beam ... = oy i 3°5. 


Polarization of secondary beam teat 4:8 
transmission through sugar solution..J ~ J-4 
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Combining this result with others obtained :— 


TABLE IX. 


Polarization of secondary 
beam after transmission 
through sugar solution. 


Polarization of direct 
secondary beam. 


3°5 3°5 
3°6 37 
a4 33 
34 34 
34 3°6 
wall value. 39 35 


These results clearly prove that no measurable rotation of 
the plane of polarization of X-rays is produced by a sugar 
solution which is active for light in the visible spectrum. 

The interpretation of these results is not that a fundamental 
difference exists between X-rays and light, but the experi- 
ments rather indicate that the usual formule which determine 
the relation between rotation and wave-length for light in 
the visible spectrum are quite inadequate when light of 
exceptionally short wave-length is concerned. 


Absorption of polarized X-rays by Iron in Magnetized State. 


It is legitimate to assume that the absorption of X-rays by 
an atom of any given substance must depend to a certain 
extent on two factors :—(1) the period of the X-radiation 
absorbed ; (2) the natural period of vibration of the electrons 
within the atom. 

In order to explain double refraction and other phenomena 
peculiar to crystalline substances, it is necessary to suppose 
that the period of vibration of the electrons is dependent on 
the direction of vibration with respect to the atomic system. 

Now ina polarized beam of X-rays, the electrical vibrations 
are largely in one direction. Consider now such a beam 
being transmitted through iron in which, since it is un- 
magnetized, there is no regular orientation of the orbits of 
the electron in the system. If, now, the iron is magnetized, 
the orientation becomes more regular, and if absorption of 
X-radiation is dependent on the direction of its own electrical 
vibration relatively to that of rotation of the electron in the 
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absorbing substance, it might be expected that there would 
be a considerable alteration in the absorption of the material. 
With such an idea in mind, the following experiment was 
tried. 

A polarized beam of X-rays was passed through iron when 
unmagnetized, and later when magnetized. The absorption 
of the polarized beam was determined in each case. In the 
first experiment, the field produced was perpendicular to the 
sheet of iron absorbing and parallel to the direction of the 
X-rays absorbed. In the second part the field was per- 
pendicular to the direction of the X-rays absorbed and parallel 
to the sheet of iron absorbing. The field was produced in 
the first instance by a coil of wire, and in the second case 
by a powerful horseshoe electromagnet. In each case a 
standardizing electroscope was employed to allow for changes 
in the primary beam. 

The results are given in tabular form. 


Maenetic field perpendicular to X-rays and 
parallel to iron sheet. 


H=30,000 gauss. 


Absorption by iron Absorption by iron 
unmagnetized. magnetized. 
68°0 per cent. 68:0 per cent. 
67°2 99 67:0 ” 
20°1 3 20°3 A 
20°5 er 20°1 ‘; 


Magnetic field parallel to X-rays and perpendicular 
to iron sheet. 


H=320 gauss. 


Absorption by iron Absorption by iro 
unmagnetized. magnetized. 
23°0 per cent. o3°1 per cent. 
alee - d1°0 se 
31°7 3 32°4 - 
31°38 “ 31°9 $3 


Thus the absorption of a polarized beam of X-rays by iron 
is not appreciably dependent upon whether it is magnetized 
or unmagnetized ; that is, absorption of X-rays is independent 
of the orientation of the electronic orbits inside the atom, so 
far as they are affected by the magnetic state. 
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Absorption of polarized X-rays by Tourmaline. 


For light in the visible spectrum, tourmaline is a double 
refracting crystal in which the ordinary ray is absorbed if 
the crystal is thicker than 1 or 2 mm., while the extra- 
ordinary ray is transmitted without loss of intensity. 

The absorption of a tourmaline crystal cut parallel to the 
optic axis was determined when :—(1) the optic axis was 
parallel to the plane of polarization ; (2) the optic axis was 
perpendicular to the plane of polarization. If X-rays behave 
in a similar manner to light, the absorption in the two cases 
should show great dissimilarity. 

The results are shown. 


Absorption by tourmaline crystal cut parallel 
to optic axis. 


Absorption when axis of | Absorption when axis of 
crystal was parallel to crystal was perpendicular 
plane of polarization — to plane of polarization 
of X-rays. ~ of X-rays. 

049 per cent. 04°1 per cent. 
08°9 ” 99°9 9 
ROG a Bor ty lee 
D7°2 99 59°8 ” 
Bete oi 585, 


These results show that the absorption of a plane-polarized 
beam of X-rays by tourmaline crystal cut parallel to the optic 
axis is independent of the orientation of this axis with 
reference to the plane of polarization of the X-ray beam. 


Summary. 


The three substances, iron in a magnetized state, quartz, 
and active sugar solution have been examined to see whether 
they have any power of rotating the plane of polarization of 
X-rays. The X-rays themselves are assumed to be essentially 
similar to light only of exceptionally short wave-length. In 
all cases a negative result was obtained, indicating the 
limited range of wave-length over which the usual rotation 
formule hold. 

Iron has been shown to absorb a polarized beam of X-rays 
to the same extent whether magnetized or unmagnetized. 
The absorption of a plane-polarized beam of X-rays by 
tourmaline cut parallel to the optic axis has also been found 
independent of the orientation of its axis with reference to 
the plane of polarization of the X-rays. 


It is with great pleasure that I thank Professor Barkla for 
suggesting this research, and also for his encouragement 
during its progress, 
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LXXXIV. Jonization by Charged Particles. 
By NoRMAN CAMPBELL, Sc.D).* 


1. ‘| Mee following numbers denote papers which will be 
frequently quoted :— 


(1) Lenard, Ann. d. Phys. v. p. 149 (1902). 

(2) he iy » xi. p. 449 (1903). 
(3) Fiichtbauer, Phys. Zeit. vii. p. 748 (1906), 
(4) v. Baeyer, 5 yy Xs P» L7G (1.909). 
(5) Gehrts, Ann, d. Phys, xxxvi. p. 995 (1911). 


(6) Kossel, 4 » XXXvil. p. 393 (1912). 
(7) Bloch, ‘5 yy XXXvVill. p. 659 .(1912). 
(8) Bumstead, Phil. Mag. xxii. p. 907 (1911). 
(9) 5 and McGougan, Phil. Mag. xxiv. p. 462 (1912). 
(10) Campbell, Phil. Mag. xxii. p. 276 (1911). 
(11) o is »  Xxlv. p. 027 (1912). 
(12) ‘A is » xxiv. p. 783 (1912). 
(13) J. J. Thomson, Phil. Mag. xxii. p. 449 (1912). 
(14) Bohr, Phil. Mag. xxv. p. 10 (1918). 
(15) Ramsauer, Juhrd. d. Radioakt, ix. p. 515 (1912), 


2. When @ rays, positive rays, or 8 rays fall on a metal 
plate they cause the emission of electrons moving with 
speeds of less than 30 volts. These electrons have been 
termed 6 rays when they have been produced by «@ rays, 
and secondary cathode rays when they have been producedy 
by positive or @ rays; in this paper they will always ke 
termed 6 rays. It is generally ‘believed that similar 
secondary rays are emitted from the molecules of a gas 
acted on by the same primary rays, and that the mechanism 
of the liberation of the delta rays is precisely the same as 
that of the ionization of a gas. The evidence for this belief 
is based on the experiments of (1), (2), (4), (5), (6), (7), (8), 
(9), which show that the power of @ and £ rays to excite 
6 rays varies in the same way as their power to cause 
ionization in a gas. 

Bumstead and McGougan (9) have produced evidence to 
show that the a rays excite also a secondary @ radiation 
with velocities from 40 to 2000 volts or more, and suggest 


_ that the 6 rays are liberated by the action of these secondary — 


rays and not by the « rays themselves. The matter will be 
discussed further in § 11, but most of the considerations here 
presented are independent of the correctness of this view. 

3. The experiments of Fiichtbauer have shown that the ~ 
velocity with which the 6 rays are emitted is the same, 
whether they are excited by positive rays or by cathode rays, 
and whatever is the speed of those rays, at least if that speed 


* Communicated by the Author, 
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is greater than 4000 volts. My own experiments (10, 11, 
12) have shown that there is a similar independence of the 
velocity of the 6 rays on the nature of the primary, when 
the primary rays are a rays or @ rays excited by X rays. 
The same observations and those of (4) and (5) also show 
that the velocity of the 6 rays is independent (or nearly 
independent) of the metal on which the primary rays act. 

Absolute measurements of the velocity with which the 
drays leavea metal plate have been made by many observers 
under very different conditions, and have given very various 
results. Much of the apparent disagreement can be 
attributed to differences in the form of the apparatus. 
However, almost all observers agree that the greater part of 
the 6 rays leave a metal plate with velocities less than 
10 volts, while some small proportion of them have a velocity 
as great as 30 volts. The only experiments which cannot 
be reconciled immediately with this statement are those of 
(3), which led to the conclusion that the majority of the rays 
had velocities between 27 and 30 volts; I think it would be 
agreed that the method of these experiments is not so reliable 
as that of the others. Lenard states (2) that the velocity of 
the secondary rays is not greater than 11 volts, but an 
examination of the observations on which that statement 
is based shows that they support it only if it is made con- 
cerning the greater portion of the rays and not concerning 
all of them. 

4, When the velocity of the primary rays is so small that 
it is comparable with that of the 6 rays, a change in the 
nature of the latter is to be expected. The experiments (4) 
and (5) on the rays liberated by such very slow @ rays have 
led to the following conclusions :— 

B rays of which the velocity is less than 11 volts liberate 
no Orays. LHlectrons may leave the surface of a metal on 
which such rays fall, but they are to be regarded as a 
“reflected” primary rather than as a secondary radiation. 

The number of 6 rays liberated by a given number of 
primary rays is a maximum when the speed of the latter is 
about 250 volts. 

The velocity of the 6 rays is independent of the metal 
from which they are liberated and approximately independent 
of the velocity of the primary, so long as this velocity is not 
less than 80 volts. It appears, however, from Gehrts’ 
results that there is some variation of the velocities of the 
dS rays with that of the primary, even when the latter is 
greater than 80 volts. Table 1. gives, for various values 
of V, and V,, the proportion of 6 rays leaving the plate 
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with a velocity greater than V. when the velocity of the 


primary is V,; the figures are the means of those obtained 
by Gehrts with several different metals. The column 
V,=0 gives the corresponding figures obtained in the 


experiments (10) for 6 rays liberated by @ rays under 


conditions which seem to make them comparable with those 


-of Gehrts. 
TABLE I. 
Vo ha 60 | 260 | 500 00 
Ve SORE. IM 1:000 1:000 1:000 1-000 
Dp ek ee 0°506 0°445 0°433 | 0-400 
7: Ut ae rene 0:267 0°220 0°208 0-198 
Fie a Pe 0°167 0°129 0°120 O12 
Site: 0113 0-084 0:079 0:064 
| LON Senet ss 0-083 0-060 GOOFS het. 
1 ae eee 0-064 0:043 DOB Gite ies &ceuhe: 
i ket Meet a 0-046 0:032 COT oi. esse 
Gre pene Bay 0:038 0:026 O OBR. a2: 
gen ae on 0:023 0014 0-008 0-004 


When the speed of the primary rays lies between 11 and 


-80 volts, the 6 rays are mixed with reflected rays and no 


precise measurements of their velocities have been obtained. 
In the reflected rays the proportion of electrons having a 
given velocity increases as that velocity approaches that of 
the primary rays, while in the 6 rays it increases as that 


‘velocity approaches zero. 


5. Some further experiments have been made on the 
d rays liberated by slow 8 rays in the hope of throwing 


fresh light on the mechanism of ionization. Most of these 


were made with an apparatus essentially similar to that 


employed by Gehrts (5); the results of them need not be 
‘described in detail, because they resemble so closely those 
obtained by Gehrts. Attention was especially directed to 


three questions :— 

(1) Is it certain that no true 6 rays are liberated by 
primary rays of a velocity less than 11 volts ? 

.Evidence for the existence of ionization, as distinct from 
reflexion, would be obtained if the number of electrons 
leaving the plate were greater than the number of the 
primary rays falling on it. The velocity of the primary 
rays for which these numbers are equal gives a maximum 


-estimate of the least velocity required for ionization. The 
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smallest value obtained by v. Baeyer and Gehrts for this: 
velocity is 25 volts; by no modification of the apparatus was. 
it found possible to obtain a smaller value. Similar evidence- 
would be obtained if positively charged particles were found 
leaving the plate on which the primary rays fell; such 
particles were found to be present when the velocity of the: 
primary rays exceeded 30 volts, but never when it was smaller: 
than that value. (It is almost impossible to tell whether thie- 
ionization giving rise to these positive particles takes place 
at the surface of the metal plate or at a layer of gas adhering 
to it, or in the trace of gas left when the vessel is evacuated 
to the highest possible degree.) 

Thus no evidence could be obtained which threw doubt on. 
the conclusion, based on other experiments, that primary 
rays of a velocity less than 11 volts do not cause ionization 
or liberate 6 rays. 

(2) If primary rays of any speed greater than 11 volis. 
can liberate 6 rays and the 6 rays produced by fast primary 
rays have speeds as great as 30 volts, and if these speeds. 
are independent of that of the primary, it is possible that 
primary rays with speeds between 11 and 30 volts might 
liberate 5 rays faster than themselves. Can any evidence be- 
found of such rays ? 

Several times in the course of the investigation it was. 
thought that the presence of 6 rays taster than the primary 
had been detected, but the evidence always disappeared on: 
further investigation. (See § 7.) It appears to me quite 
certain that the 6 or reflected rays never have a speed greater- 
than that of the primary. 

(3) Can any evidence be found of reflected electrons whem 
the speed of the primary is considerably greater than that 
required to produce 6 rays ? 

A search was made for 6 rays having a speed between 
30 volts and that of the primary rays when the speed of the- 
latter exceeded 40 volts. The presence of the positively 
charged particles made it very difficult to be sure that there. 
were no such rays, but no evidence whatever of their 
existence could be detected *. The observations which have- 
been made on the scattering of very fast rays suggest that 
there must be some electrons returned from the plate with 
velocities near to that of the primary, but the proportion of 
such rays scattered must be very small compared with that: 


* It may be noted that, if there are no such rays, the explanation 
given on p. 533 of (11) of a curious phenomenon noted by Pound andi 
myself is inadequate; the phenomenon is sufficiently explained by: 
Bumstead’s secondary 8 radiation excited by a rays. 
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reflected when the velocity of the primary rays is less than 
11 volts. Reflexion of the rays, as distinct from scattering, 
and ionization by them seem almost mutually exclusive 
alternatives ; Lenard has already put forward this view, and 
explains the fact on the ground that ionization or reflexion 
occurs according as the primary ray does or does not enter 
the atom which it strikes. 

6. It appeared that a further determination was desirable 
of the distribution of the velocities of the electrons returned 
from a plate struck by primary rays with velocities between 
10 and 80 volts ; such rays were not investigated by Gehrts. 
But after this determination had been made by his method, 
doubts were thrown upon the results by the discovery that 
the primary rays were not nearly homogeneous. Gehrts’ 
figures show that his rays were very nearly homogeneous 
when their maximum speed was 10:4 volts, but he appears 
not to have investigated the homogeneity of the faster rays 


he used. The heterogeneity of the primary rays in my 


arrangement arose doubtless from the fact that the rays in 
their passage from the place where they were produced 
(a zine plate acted on by ultra-violet light or a Wehnelt 
cathode), struck the metal diaphragm limiting the accele- 
rating field and caused the emission from it of 6 rays which 
became mingled with the primary rays. In order to avoid 
this source of error a rather different form of apparatus was 


employed (fig. 1). Ultra-violet light passes through the 


quartz window in the brass box A and falls on the zinc 
plate Z, which is supported by a rod insulated from A. A 
potential difference V, is established between A and Z. It 
appeared that the current between A and Z was zero when V, 
was less than —2 (Vj is counted positive when A is positive 
to Z), and saturated when V, was greater than +2; con- 


‘ sequently all the electrons liberated from Z must fall on A 


with a velocity which is very nearly V,;._ The rays liberated 
al2 
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from A emerge from the box (probably in some eases after 
striking the walls of A again) through the wire gauze at the 
bottom and fall on the electrode H, which is covered with soot 
to prevent reflexion. Between E and Aa potential difference 
V. can be established, which is counted positive when A is 
positive. The potential of a lead accumulator is taken as 
2 volts. The current flowing to EH was measured by a 
compensation method, so as to make the results independent 
of the intensity of the light falling on Z. It was found that 
a small negative current flowed from E, even when V, was 
less than —2 and no electrons left Z; this current was in- 
dependent of the value of V,, so long as V, was less than —2. 
It doubtless represents the photoelectric action of scattered 
light on the parts of the apparatus outside A ; the values of 
the current given are in all cases those obtained by subtracting 
the value obtained when V,= —2 from that obtained when V, 
has the value under consideration. Table Il. gives the 
values of the negative current flowing to E for various values 
of V, and V,. ‘The number of electrons received by H was 
never greater than 6 per cent. of those liberated from Z. 


TABLE IT. 


Vere 4 6 8 10 | 12 | 16 | 20 | 30 | 40 


Nig Ot 0°76 | 1-42 | 1°50 | 1°37 | 1:19 | 1:06 | 1-00 | 1-00 | 0°84 | 0-72 


a eee 1:09 | 1:28 | 1:18 | 1:05 |0°86 |0-76 |0°76 | 0°64 | 0°54 
Peaks ... |0°56 | 1°05 | 1:00 | 0°91 | 0°74 | 0°64 | 0°66 | 0°55 | 0-47 
eS iodes se Fed) OOO MOS 1 OlS2 iy peca al ence we st ig 
Atecene ... | 0°04 |0°47 |0°65 | 0°68 | 0:55 0:46 |0-46 |0°39 | 0°34 
Nee Gael wee | ee [0°03 | 0°29 | 0-47 (0-41 | 0°34 | 0°34 | 0-28 | 0-24 
Oisivee at oe | --- | 002 |0-21 | 0-28 | 0:26 | 0:25 |O-21 | 0-18 
TOs eg. won| ewe f vee forse | 002 (O13 | O18 | OlS Ole 
LAR an oe Pets jentevagip sais, BL iaBer mh Tigenl tO: ea liq sec) | anes a ke 
ee eae wee tl wok! [ate ET TL UN PLE (ee TO OG ice ann re 
TG esece sie!) | gse copa eee Tl nae cal yen oda: Oe rr sink 
AD eoe sts = oie ieee Polity ds aise il anit eta emanate 
OO) ceeese cay || seam, ty. eou7 al, weeiah. woke | cwey | Beecadl. Meteminn anaes 


The results obtained with this apparatus are not nearly so 
easy to interpret as those obtained with that used by Gehrts 
or v. Baeyer, for the 6 and reflected rays in their passage 
from A to the electrode pass through the electric field between 
A and Z; the proportion of rays of a given speed which 
emerge from A is probably not that of the: rays liberated with 
that speed from A; it would seem probable that a large 
proportion of the slower rays would be driven by the field 
back into A and would fail to emerge. Or, again, some of 
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the rays liberated from A may strike A again and either 
suffer a loss of energy or liberate new 6 rays. Nevertheless, 
the results of the experiments are sufficiently interesting and 

suggestive to be worthy of record. 
7. Fig. 2 gives the results of the measurements when V; 
Fic, 2. 


——. ———————<_ 


-— 
_—_ we ae 


= 
=—<—-. 
--—-. 
=— 
| es we oe 
_—=<— 
= 
= << 
= — 


°o 123456789 ur 20 So AQ 


is constant and V, is variable. Any ordinate gives the 
number of electrons having a velocity greater than V, 
which emerge from A when the electrons from Z striking A 
have a velocity denoted by the corresponding abscissa V}. 
It will be observed that, for all values of V., the number 
of rays emerging from A decreases as V, increases for all 
values of V, greater than 6 volts. The absence of the 
second rapid increase in the number of 6 rays with increase 
in V,, noted by Gehrts and v. Baeyer, when V, exceeded 
11 volts, is doubtless due to the action of the field between 
A and Z, which tends to retain the electrons within A 
and to prevent them from emerging. However, in the 
dotted curve (obtained by subtracting the curve for V.=2 
from that for V,=0), which gives the number of rays 
emerging with a velocity less than 2 volts, there is distinct 
evidence of the minimum at about 11 volts, followed by the 
second increase which was noted by Gehrts. It appears, then, 
that among the rays due to ionization there is a much larger 
proportion of very slow rays than among those due to 
reflexion. 
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Fig. 3 gives the results of the measurements when V, is 
constant and V, variable, the value of the current when 
V.=0 being in all cases put equal to 1. Any ordinate of a 
curve gives the fraction of the rays emerging from the box 


Fig. 3. 
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with a velocity not less than that given by the corresponding 
abscissa. It will be seen that so long as the value of V; (2. e. 
the velocity with which the electrons liberated from Z strike 
A) is not greater than 10 volts, the curves are nearly straight 
lines and the velocities of the rays emerging from A are very 
nearly equally distributed over the range 0 to V;. On the 
other hand, when V, is not less than 12, the curves have a 
completely different form ; the greater proportion of the rays 
emerging from A have low speeds; the proportion of rays 
having a speed less than 2 volts increases with V, until it 
reaches a definite limit (0°35), when V;=20. When \V, is 
greater than 30 the distribution of the velocities of the rays 
emerging from A appears to be independent of V,, the 
maximum speed of the rays being about 30 volts. HExperi- 
ments were made with values of V, greater than 40, but they 
were not very accurate ; but no indication of a change in the 
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form of the curve was found. As before, no evidence could 
be found of the presence of rays emerging from A with a 
velocity greater than about 30 volts, whatever the value of 
‘V,. When both V; and V, were greater than 30 volts, a 
‘small positive current flowed to EH, indicating the presence of 
.2 few positively charged particles liberated within A ; but 
the magnitude of this positive current was so small that no 
variations of its amount could have been detected. 

In the earlier experiments it was found that the current 
flowing to E was dependent on V;, even when V, was greater 
than V, ; it was thought that evidence had been obtained of 
the emission of 6 rays faster than the primary. After much 
Inquiry this effect was traced to a reflexion (or emission of 
‘© rays) from the underside of Z, due to the impact of 
electrons from EH which had been dragged through the 
meshes of the gauze. When all parts of Z other than that 
on which the direct light fell were covered with sealing-wax 
and so rendered insulating, the current flowing to E was 
entirely independent of Vj, so long as V, was greater than Vj. 
There is, again, no evidence that the 6 rays can be faster than 
the primary. 7 

8. Similar experiments were made when the interior of A 
was covered with soot. v. Baeyer and Gehrts found that 
‘such a covering diminished very greatly the reflexion of 
electrons, but did not diminish to the same extent the emission 
of Srays. An accurate comparison of the results with those 
obtained when there was no soot was difficult, but it appeared 
that the maximum number of electrons emerging from A was 
not decreased very greatly by the presence of the soot. This 
observation is not necessarily inconsistent with that of 
vy. Baeyer and Gehrts, for even when the interior of A is 
polished a very small proportion of the electrons leaving Z 
emerge from A ; the proportion emerging must be determined 
‘by the geometrical form of A and by the field between A and 
Z rather than by the reflecting power of the walls of A. i 

It appeared that the maximum number of electrons emerged 
‘from the sooted, box when V, is only 2 in place of 6 for the 
polished box. On the other hand, the average velocity of 
the rays emerging from A fora given value of V; was certainly 
greater if A is sooted ; in fact, when V,=40 no rays could 
be found emerging with a velocity less than 2 volts. 


9. The only theory of ionization which has been put 
‘forward in so definite a form that it can be made a basis for 
‘the discussion of these results is that of J. J. Thomson (18). 
lonization is supposed to represent another aspect of the 
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scattering and absorption of the charged particles in the: 
primary rays which arises from their interaction with the 
electrons of the atoms through which they pass. The: 
electrons of the atoms take up energy from the rays; if this 
energy is sufficient they break free from the atom and appear 
as Srays. On the assumption that the forces holding the 
electron to the atom may be neglected in calculating the: 
action between the electron and the rays, the following 
relations are deduced between T, the kinetic energy of a 
8 ray, ¢ its charge, a the distance of the undisturbed ctoaerend 
from the asymptote of the path of the ray, Q the energy 
given by the ray to the electron, and 26 the angle through 
which the ray is deflected :— 
E we ik 
C= eee sin? = ee 
ee ae 1 ge 


If the ray is an 2 ray, supposed to act asa point charge 2e, 
then it can be shown that, so far as communication of 
energy to the electrons is concerned, it behaves in exactly 
the same manner as a # ray travelling with a speed twice 
that of the « ray. 

Ionization is supposed to occur if Q>Wo, when W, is 
the energy necessary to ionize an atom. If it be assumed 
that, while the ray passes through unit thickness, the number 
of collisions in which a has a value lying between a and 
a+da is 2mnada, where n is the number of electrons in unit 
volume of the substance, formulze can be deduced for the 
scattering of the rays and the amount of ionization caused by 
them which agree with experiment when very fast @ rays are 
considered. 

From (1) together with this assumption it can be proved 
ey that the ratio of the number of electrons acquiring at 

a single collision an energy greater than W+ Wo to the 
number so acquiring an energy “ereater than Wo, is 


T—W-W, W, 3) 
TW WA Woy) eee Sy 
ng latter number is the whole number of 6 rays, the former 

be plausibly identified with the number of 6 rays. 
ey liberated with an energy greater than W. Hence, 
if T is very great compared with WwW ‘(and it is only in this case: 


that the theory is likely to be valid), the proportion of the 
Wo 


6 rays liberated with an energy greater than W is —-—q7> @ 


W+W, 


quantity which is independent of T. Hence the theo is Im 


to 
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agreement with experiment in predicting that, for fast rays,. 
the forms of the curves of figs. 3 and 5 or the numbers in 
Table I. should be independent of the nature of the primary 
rays. Different substances differ probably in the forces 
binding the electrons to the atoms ; since the agreement of 
Thomson’s theory with experiment in the matter of the number 
of ions formed shows that these forces may be neglected if 
the primary rays are fast enough, the theory is also in 
agreement with experiment in predicting that the properties. 
of the 6 rays should be independent of the material on which 
the primary rays fall. 

10. But the predicted proportion of 6 rays having an 
energy greater than W does not agree in absolute ma onitude 
with | experiment. te VG Pl volts, then half. the rays 
should emerge with energies greater than 11 volts, whereas 
not more than 0°1 of the rays “have so ereat anenergy. Two 
hypotheses may be introduced to explain the discrepancy. 

In the first place, it may be supposed that the velocities 
with which the 6 rays emerge from a solid body are not 
those with which they are liberated from the atoms. If the 

rays which emerge have undergone collisions with other 
atoms since their liber ation, the average velocity of the rays 
will be decreased ; the pr oportion of rays having velocities 
greater than W, ail undergo the greatest diminution, for 
these rays will produce fresh ionization. After an infinite 
number of collisions the velocities of all the rays would be 
reduced to zero, but there might be an intermediate stage 
in which the proportion of rays of any velocity existing in 
the beam is roughly inversely proportional to the power 
of those rays to produce ionization; it may be that the distri- 
bution of velocities which is observed among the emergent 
6 rays is really that corresponding to this state. 

Some support for this view might be found in the absence 
of any difference between the velocities of the emergence and 
incidence 6 rays (see (10)); if the 6 rays emerged with the 
velocities with which they were liberated from the atoms, the 
emergence rays should certainly be faster on the average than 
the incidence. Again the result, obtained in the experiments 
described in § 7, that the distribution of velocities among the 
6 rays is independent of the potential V, (when Vjis oreater 
than 30 volts), provides some siddenes for the same view. 
For in those experiments the field between A and Z un- 
doubtedly diminished very greatly the number of rays 
emerging from A, and yet it diminished the number of rays 
of all speeds in nearly the same ratio; if the distribution 
observed represented a state of equilibrium arising from the 
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collisions of the rays originally liberated with other atoms, 
the independence of this state of the field through which the 
rays pass after liberation might possibly be explained. And 
again, the occurrence of collisions between the liberation of 
the rays and their emergence would explain the remarkable 
absence of rays emerging with speeds much greater than 
that required for ionization. On the other hand, there is no 
evidence that the 6 rays which emerge come from a layer 
of finite thickness; the layer from which they come is 
certainly thinner than the thinnest material films obtain- 
able, but then these layers are not less than 100 molecules 
thick. 

A second explanation of the discrepancy might be obtained 
by supposing that the 11 volts, which is the minimum speed 
of the primary rays necessary for ionization, is not the least 
energy which must be communicated by those rays to an 
electron in order to cause it toappear asa dO ray. According 
to Lenard, 11 volts is the energy necessary to enable the 
primary rays to penetrate within the atom at all and to act 
upon the electrons within it; the energy which they would 
have to give to an electron in order to liberate it when they 
act on it may be quite different. 

If W were much smaller, (3) might be made to agree 
much more nearly with experiment, and the predictions of 
the theory as to the ionizing power of fast @ rays might 
still be in accordance with observation if the estimate of the 
number of electrons per atom were proportionally reduced ; 
it is to be noted that the estimate given by Thomson as a 
result of this theory (2 or 3 times the atomic weight) is con- 
siderably greater than that based on considerations of the 
scattering of « and 8 rays. On the other hand, if the 
primary rays have to penetrate through an opposing field in 
order to enter the atom, the 6 rays would have to emerge 
through the same field, and the velocity with which they 
emerged would not be that which they received directly 
from the primary rays. 

11. When the primary rays are not very fast and T is 
comparable with W, (3) indicates that the proportion of 
6 rays having very small velocities ought to increase rela- 
tively to those having higher velocities. On the other hand, 
the figures in Table I. seem to show that the contrary pro- 
position is true, and that the slower primary rays excite the 
smaller proportion of very slow 8 rays. But when T is 
small, there is no doubt that the forces holding the electrons 
to the atoms have to be taken into account. JRamsauer (13) 
has pointed out that Thomson’s theory does not agree with 


——_ 
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experiment in respect of the ionizing power of very slow 
8 rays, unless allowance is made for “the smaller power of 
such rays to penetrate within the atom. It is very doubtful 
whether any precise physical significance can be attributed 
to the conception of “penetration within the atom” ; the 
influence exerted by the forces determining atomic structure 
is probably represented better in the work of Bohr (14), 
who considers that the electrons are restrained by elastic 
forces and capable of vibrations of definite frequency. Bohr’s 
analysis is inapplicable to cases where the disturbance caused 
by the primary rays is so great as to give rise to ionization, 
and it appears impossible to predict anything definite con- 
cerning the velocities with which such electrons would be 


liberated by rays so slow that the elastic forces are of 


importance. But Bohr’s view, as well as Lenard’s, might 
explain the existence of a very powerful “‘yveflexion ” of rays 
too slow to ionize, for the elastic forces restraining the 
electrons would cause them to behave towards such slow 


rays as if they were held rigidly ; at an encounter with such 


rigid electrons a primary ray would be powerfully deflected, 
but would suffer little loss of energy. It is only when the 
electron is free that the deflexion of a ray with which it 
reacts increases with the energy which it takes from that 
ray, as shown by (1) and (2). 

These two equations also show that a primary ray will 
not be deflected through a right angle, and so appear as a 
“reflected electron” in consequence of a reaction with a free 
electron, unless it gives to that electron half its energy. By 
this consideration we might explain the absence of electrons 
leaving the incidence side of a plate struck by primary rays 
with a velocity of 80 volts, and having a velocity between 
80 and 30 volts. However, the absence of 6 rays with 
velocities greater than 30 volts, whatever the velocity of the 
primary, is more probably to be attributed to the fact that 
such rays can produce further ionization, and so tend to 
lose energy rapidly before they emerge. There may be 
some 6 rays faster than 30 volts, but they may be difficult 
to detect because they cause the emission of fresh 6 rays from 
the electrode at which they are received. Indeed, Bumstead’s 
secondary 8 rays excited by e& rays are probably such very 
fast & rays liberated by the direct action of the a rays on the 
electrons of the atoms through which they pass. Since an 
a ray with a velocity of 2x 10° em. /sec. behaves, according 
to Thomson’s theory, ike a @ ray with twice that speed, 
(1) shows that such an & ray could liberate 6 rays with an 
energy of 4500 volts, a value higher than that attributed by 
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Bumstead to his secondary § rays. If this be the true 
nature of Bumstead’s secondary @ rays, a large proportion 
of, but certainly not all, the 6 rays ultimately emerging may 
be due to their action. 

Some interesting considerations are suggested by estimates 
of the energy which rays of various kinds spend in making 
an ion, obtained by dividing the total energy lost by the ray 
by the number of ions made. For a rays “this energy turns 
out to be a little less than 40 volts; for 8 rays the figures 
given for the absorption and ionizing power by Kossel (6) 
lead to values between 300 volts for the rays of 200-volt 
velocity to 800 volts for the 8 rays of RaC. Jt is clear that 
this energy must be greater than that necessary to make an 
ion (for some of the 6 rays are liberated with a finite 
energy), and that it is less than: the average energy which 
the ray communicates to those electrons which it liberates as 
6 rays (for some of the 6 rays liberated collide with atoms. 
and so liberate fresh 6 rays). It is not surprising, therefore, 
that, though the least energy required to make an ion and 
the velocities of the 6 rays are the same on whatever material 
the rays act, the average energy spent in making an ion is 
not the same; for this average energy depends in some 
measure on the frequency w ith which an electron, liberated 
directly by the primary rays as a 6 ray, subsequently makes. 
ions by collisions with other atoms. ‘The remarkable fact 
noted by Bragg that, whereas the stopping power of materials 
for « rays is an additive atomic property, the molecular ioni- 
zation depends on the state of chemical combination, may 
find some explanation in this direction. 

The fact that the average energy spent by an @ ray im 
producing an ion is less than that spent by any @ ray, shows 
that the theory which leads to the conclusion that & rays. 
should behave in respect of ionization exactly like @ rays of 
twice their speed cannot be wholly correct. But it is not 
surprising that conclusions based on the hypothesis that an 
aray isasimple point charge should not agree in all respects. 
with experiment. 

2. This discussion has been vague and tentative. The 
conclusion which is intended to be drawn is that, while 
Thomson’s theory of ionization does not provide a complete 
explanation of all the facts, and cannot do so until the intra- 
atomic forces are further taken into account, there is nothing 
resulting from experiments on 6 rays which is necessarily 
inconsistent with that theory. ‘The most remarkable of 
these results which formerly seemed to me inconsistent with 
any simple theory of ionization, namely, that the velocities: 
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of the 6 rays are almost independent of the nature of the 
primary rays and the material on which they act, appears to 
be a direct consequence of Thomson’s theory and Lenard’s 
proof that the least energy necessary for ionization is approxi- 
mately the same for all gases. The quantitative discrepancy 
between the theory and experiment is probably to be attri- 
buted to secondary action by the 6 rays after they are 
liberated from the atoms. : 

It does not appear to me likely that any further light will 
be thrown on the mechanism of ionization by direct measure- 
ments of the velocity of 6 rays emitted under various 
conditions. 


SUMMARY. 


The existing information as to the emission of 6 rays is 
reviewed. 

Some new experiments on the 6 rays excited by very slow 
@ rays are described. They are in complete accordance with 
the work of v. Baeyer and Gehrts and provide little new 
information. 

An attempt is made to discuss the experimental! results on 
the basis of the theory of ionization by moving charged 
particles, put forward by Sir J. J. Thomson. It is concluded 
that, while that theory cannot at present provide a complete 
explanation of the facts, it is qualitatively in agreement with 
them and in no way obviously inconsistent with them. 


Leeds, April 1913, 


LXXXV. On Rotational Optical Activity of Solutions. By 
G. H. Livens, J1..4., Fellow of Jesus College, Cambridge *. 


1. Introduction. 


| Neue most satisfactory theoretical treatment of the pheno- 

mena of intrinsic optical activity of rotational type is 
that given by Drude in his ‘ Optics.’ The actual pheno- 
menon has, however, been found to be much more complicated 
than Drude’s theory would lead one to expect. This is 
especially the case with solutions of active substances in 
active or inactive liquids, wherein the rotativity depends on 
the nature of the substances and the concentration of the 
solution. The discrepancies between theory and practice 
have been the subject of a large amount of experimental 


* Communicated by the Author. 
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investigation, but so far no good theoretical explanation has 
been obtained. 

From the enormous amount of experimental data collected 
together by Landolt in his book * on this subject, it appears 
that in most cases very simple empirical relations can be 
constructed which represent the variability of the rotativity 
of a dissolved substance. Jor solutions of active substances 
in simple inactive solvents these relations usually assume 
one of the three forms 


(i.) [o] =A+Be, 
(ii.) [o]=A+Bet+Ce’, 


ay, Be 

Gii.) [o|=A+ Cae 

where [@]| is the specific rotation calculated in a manner 
hereinafter described, and c the concentration of the solution; 
A, B, C are constants depending on the nature of the 
substances involved. 

In a few cases mentioned by Landolt and also in several 
cases recently investigated by Patterson t, it appears that 
the behaviour cannot be correctly represented by an em- 
pirical relation of either of the above forms, and no other 
_ form has as yet been suggested. The variability of [a] 
with c for these cases is usually exhibited on a graph. 
From a careful study of the curves thus obtained, however, 
one realizes that there is a great deal of similarity between 
them and that certain typical forms can be picked out. 
The four curves given in fig. 1, which represent the relation 
for ethyl tartrate dissolved in (1.) ethylidene chloride, 
ii.) «-bromonaphthalene, (i11.) benzaldoxime, (iv.) methyl 
iodide, are taken from papers by Patterson and are typical 
ones which show the general behaviour in the more 
complicated cases. 

This short description may be claimed to represent the 
general conclusions which have been drawn from the experi- 
mental data in as far as it represents by far the largest 
majority of known cases. There are of course a few 
exceptional cases not included, and as they are not in accord 
with the subsequent theoretical discussion they will be 
reserved for future consideration. 


* Das optische Drehungsvermogen (Brunswick, 1898). 
t+ Journal of Chemical Society (Transactions), 1908. 
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The object of the present communication is to show how a 
simple modification of Drude’s theory, based on almost. 
unassailable theoretical considerations, provides a very good. 
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explanation of all of the above-mentioned experimental 
results. A general formula is obtained which includes. 
formule (i.) (ii.) and (iii.) as approximations, and also. 
provides us with the equation of the more general form of 
curve given in the graph. 


2. General Theory. 


In the modern electromagnetic theory of optics we have. 
always to deal with the electric and magnetic force and the 
electric and magnetic flux, such that each flux is derived 
from the other force by the universally valid circuital 
relations. If we denote the electric and magnetic force- 
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vectors by H and H respectively, and the corresponding 
fluxes by D and B, these relations are expressed by the 
following vector equations : 


Bo *{=Curl Bi, *)=Cul doe: 


The Herz-Heaviside units are adopted. 

The influence of the molecules of the medium expresses 
itself only on the form of the relations, depending on the 
constitution of the medium, connecting each flux with the 
corresponding force. Since in light phenomena we can 
always assume B=H, we need only to investigate further 
the relation between D and E. This is obtained in Drude’s 
theory by a statistical analysis of the motions of the contained 
electrons, to which the electric flux due to the presence of 
the medium is directly reducible. These electrons are 
supposed to be connected to the molecules of the medium 
by quasi-elastic forces, and are resisted in their motion by 
frictional forces proportional to the velocity. In the present 
discussion we shall neglect these frictional forces, so that the 
equations of motion of the electrons are of a type 


mz + nv) =eliz, 


wherein (2, y, z) are the components of the displacement of 
the electron from its position of rest ; m its mass and ¢ the 
charge on it; mn)? is the parameter of the quasi-elastic 
force. 

Lorentz has, however, shown* that the force on a contained 
electron due to the electric field is not completely represented 
by eH. We must, in fact, add a term e/(P), where /(P) 
denotes an undetermined vector function of the polarization 
P of the medium. ‘To a first approximation it is shown that 

jf(P)=aP, where a is very nearly equal to 4; but in second 
order effects of the kind under discussion other terms may 
occur. In order to explain the broad general facts of the 
phenomenon at present under review, it is, in fact, necessary 
to assume, after Lorentz, that 


f(P) =aP +6 Curl P. 


‘The constant 6 being another physical constant of the 
medium. This second order term 6Curl P, which has its 
origin in an intrinsic chiral structure of the molecule or 


* Versuch einer Theorie der elekt., u. opt., Erschemungen Se, (Leipzig, 
1906) pp. 78-81. 
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molecular group, is, however, only appreciable in the neigh- 
bourhood of the optically active molecules: for simplicity it 
will be assumed to act only on the electrons actually 
contained within these molecules. 

The typical equation of motion of a contained electron 
thus assumes the more general form 


m(t+n’2) =e(H,-+aP,) +eb Curl, P. 


If plane homogeneous waves of light of frequency 7 are 
propagated through the medium, we find in the usual manner 
that the above equations lead to a general relation connecting 
the electric force E with the electric polarization intensity P 
of the form 


P= (2 e”/m )E+aP) +(= 


be?/m 
No” — n — 


Ny —n 


) Cun P 5 


wherein > denotes a sum taken over all the electrons, but 
>’ only over those contained in the optically active 
molecules. 

Lorentz writes this relation in the form 


K=aP+ Curl P, 


without giving any account of the constants a and £. 
Starting from this relation, it can be easily verified that 

the velocities of the two kinds of circularly polarized waves 

are respectively the roots of the two cubic equations in p: 


(w—1) (2+ Bn) =1. 


The combination of these two oppositely circularly 
polarized beams leads as usual to a pencil of linearly 
polarized light whose plane of polarization is being rotated 
at a rate per unit length 


O=3(“4—p-)n. 


In any case we know that the coefficient @ is so small that 
we can approximate to the values of w by expanding in 


powers of 8. This gives 
18 


so that very approximately 
1n?8 
Qa? 


Phil. Mag. 8. 6. Vol. 25. No. 150. June 1913. aK 
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or inserting the values of « and 6 we deduce that 
(= be?/m \(3 elm \ 
2m ne — nv Nye —n? 


—_ : : 
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no —n? 
any definite set of electrons is proportional to the partial 
density of the substance with whose molecules they are 
associated. Thus, if active substances are present in a 
mixture at partial densities p;, p2,.... with inactive sub- 
stances at partial densities 71, 72,.... Wwe shall have 


We now assume that 3’ 


taken per unit volume for 


2@ fe Ay ! T1Py + ToPo+ shies + $101 + S90 + = 
ne a ee Pasi -) [ L—a(r1pi+ 1epe+ stelle =| Sj0y 4 e Ae he 


n? 


wherein 715.735 +-+3 11 0 s+5 Sip So, +.+ are all phiyeiem 
constants of the respective substances to which they refer, 
depending on the nature of these substances and the fre- 
quency of the light used. Regarding the magnitude of the 
undashed letters, we know that if w is the index of refraction 
for the solution, then 


pi-l 
a(y?—1) $1 


= 271p1 + 2510}. 


We thus see that the rotative power of the mixture depends 
to a large extent on the presence of the inactive substances, 
and is not merely proportional to the partial density of the 
active substances, as the elementary form of Drude’s theory 
would lead one to expect. An examination of this formula 
ina less general case will throw more light on the exact 


nature of this dependence of the rotativity on the constitution 
of the mixture. 


3. Application to a special case: a simple solution. 


We shall now discuss the above formula in as far as it 
applies to the experimental case, viz. that where a simple 
active substance is dissolved in an inactive liquid. The 
results for these cases are usually exhibited as a function of 
the concentration c of the solution, z.e. the number of grams 
of active substance per cubic centimetre of solution. If d 
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is the density of the solution we shall have (d—c) grams of 
inactive solvent per unit volume so that 


Pi=C; o,=d—e, P2=Gg=... =). 
Thus in this case 
AD Sy. re +s(d—c) 
Ng [1—a(re+sd—c)]? 

Although there is no actual theoretical reason for the 
assumption, yet a sufficiently good approximation is obtained 
if we put 

d=d,+dc, 
d, and d, being constants of the substances involved. 

Thus we have 


20 Ws c(” + sd,—1) + sdp 
nm? [1 —asdy—ac(r + sd,—1) |” 


The quantity usually determined is the specific rotation 
of the solution, 7. e. the rotation produced by a solution 
containing 1 gram of active substance per c.c. of solution, 


and this is always defined as“. If we denote it by [@] we 
have < 


@ c(r + sd, —1)+sdp 
CS an ae 4 
c [1—asd)—ac(r + sdy—1)] 


a formula which expresses the specific rotativity of the 
solution as a function of the concentration : the constants in 
it are dependent essentially on the nature of the solvent and 
active solute. This is the general formula, but if the terms 
in ¢ are small as is usually the case, various approximations 
may be made by expanding it in different ways. Direct 
expansions in powers of c would give a result 


fetes Aree Ce eek | Ge 


or expansion of numerator and denominator separately 
would give | os 
(A+B e+ AC | B’e sf 
[@ | Ree ee = A’+ Cre? . (ii.) 
so that each of the empirical relations quoted may be re- 
garded as approximations to the more general formula, which 
we can write in the form 
A” +B" me 
[wo |= epee eet (ili.) 
3K 2 
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Moreover, this general formula would appear to include 
most of the results which have not yet been expressed by an 
empirical relation. This is perhaps best seen by plotting a 
graph of the function and comparing it with that given as 
fig. 1. As, however, the curve may have various dispositions 
with regard to the axes and only a portion of it in each case 
corresponds to a real experimental region, I have drawn 
four possible cases, in one of them only completing the curve 
beyond the experimentally attainable region by a dotted 
line. 


It would thus appear that the more correct form of equa- 
tion representing the empirical relation between the quan- 
tities involved is the formula (iii.) which results from our 
theoretical investigation. 

Such a discussion, short as it is, provides almost convincing 
proof of the appropriateness of our theory; but there are 
certain facts which detract from its completeness. There are 
a few substances whose behaviour is quite contradictory to 


— 
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the present exposition. Of course, in a subject of such 
complexity it is hardly likely that any such simple theory 
can give a complete account of the whole matter ; but it is 
nevertheless interesting to notice one or two points where 
the present theory fails. 

Firstly, according to our formula the specific rotation has 
a minimum value 


Ve 
r 71 
| =— — 
L | Sa’ 
corresponding to the concentration 
1—asd, 


an a(r—sl—d,) 


which may conceivably be experimentally attainable. The 
minimum value of the rotation would thus on this theory 
appear to be entirely independent of the particular solvent, 
unless indeed the constant a involves some account of that 
substance. Although approximately verified in one or two 
instances, this relation does not seem to be generally true 
for most of the substances for which the minimum is 
attainable. 

Again, with some few substances in particular solvents 
it is found that the rotation decreases with increasing con- 
centration, but that the minimum value occurs before a 
change of sign takes place. This could not happen according 
to our formula. 


4, Conclusion. 


In spite of these few discrepancies the experimental 
results may be said to be satisfactorily verified by the 
theoretical formula deduced. The apparent anomalous 
behavour of the few substances which do not conform to the 
general rules above laid down will form the subject of 
further investigation, as it probably has its origin in some 
additional (probably chemical) actions involved in the 
phenomena; actions which are consistent with but not 
necessarily dependent on those discussed. In the meantime, 
however, direct experimental evidence of an additional and 
independent nature may be obtained for the present theory, 
or against it. The most general method of investigating its 
appropriateness is by a detailed analysis of the other optical 
properties of such solutions ; for it appears on this theory 
that the variation in the rotativity of a disselved substance 
is not due to any direct modification of the rotatory power 
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of a molecule, but to the modified electrodynamice constitu- 
tion of the medium, through which the light travels, causing 
a variation of the velocity of transmission. The variations 
here discussed will therefore be closely associated with the 
variation with the concentration of the ordinary index of 
refraction ¢ of the solution for the particular light used. In 
fact, for the case above discussed in detail 
e?—] 


a(e?-—1)+1 


= 7¢+s(d—c), 
so that 


LEG rib ‘) 

[a] ="F“(e-1) (¢€-145), 
which gives a relation between [w]| and e. Unfortunately, 
I have not sufficient information to hand to tell whether 


the variation of the function (e?—1) (e-14 = with the 


concentration of the solution is at all similsr to the varia- 
tions of |w], especially in the more complicated eases. I 
hope, however, that some one will take up the question 
experimentally at this point so as to provide the necessary 
data for a comparison. 


LXXXVI. The Origin of the Bands in the Spectrum of Active 
Nitrogen. By H. Perctvat Lewis, Professor of Physics, 
University of California™. 

[Plate X.] 

je 1899 the writer observed a new form of afterglow in 

nitrogen, excited only by a condensed discharge with 

spark-gap, and having a characteristic band-spectrum T. 

Further results were published in 19041. The approxi- 

mate wave-lengths of the bands were determined, and the 

remarkable fact emphasized that the vapours of mercury 
from the pump and from aluminium, zinc, and platinum 
electrodes participated in the afterglow some time after the 
discharge had ceased, their principal spectral lines appearing 
as long as the glow lasted. Hxperiments on a larger scale 
were made by Strutt §, who showed that other substances 
were also excited to luminosity by the glowing gas, to which 
he gave the name “active nitrogen.” Strutt and Fowler 
published the details of the spectrum of the active nitrogen || 
with greater dispersion than had been available to me. 

* Communicated by the Author. 

t+ Astrophys. Journ. xii. p. 8 (1900) ; Ann. der Phys. 11. p. 249 (1900). 

t Astrophys. Journ. xx. p. 49 (1904). 

§ ‘ Bakerian Lecture,’ Proc. Roy. Soc. Ixxxy. p. 219 (1911). 

|| Proc. Roy. Soc. lxxxy. p. 777 (1911). 
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In discussing the phenomenon, I was inclined to the 
opinion that the afterglow might be the result of the 
presence of infinitesimal traces of oxygen or of nitric oxide, 
partly because, in spite of the utmost precautions, it seemed 
unlikely that the nitrogen used by me was entirely free from 
these impurities, but more particularly because of the usual 
presence in the spectrum of the third group of “ nitrogen ” 
bands, attributed by Deslandres and others, apparently with 
good reason, to nitric oxide. The nitrogen was prepared by 
heating a solution of sodium nitrite and ammonium sulphate, 
and was then passed through pyrogallic acid solution and 
drying-tubes. When the gas was first admitted to the tube 
while a feeble discharge was passing, the glass fluoresced 
brilliantly for several seconds, but this effect soon died out, 
apparently as the result of some chemical reaction. The 
spectrum taken during the fluorescent stage showed the 
third group of bands of remarkable intensity, and this ultra- 
violet radiation produced the fluorescence. These bands were 
also usually present in the spectrum of the afterglow. 

Strutt and Fowler are of the opinion that the afterglow 
occurs only in nitrogen entirely free from. oxygen, and that 
both the third group and the new bands are due to nitrogen. 
Recently, however, Comte * has made some experiments 
from which he has concluded that the afterglow is not found 
in pure nitrogen, but only when minute quantities of oxygen 
are present. 

In my photographs, reproduced in the ‘ Astrophysical 
Journal’ for July, 1904, it may be seen that in some cases 
the new ultra-violet bands appeur, in others there is no trace 
of them, the only features of this region being the mercury 
lines and some bands apparently due to cyanogen. The 
visual bands in the green, yellow, and red were invariably 
observed. At the time the cause of these differences was not 
apparent. More recent attempts to reproduce the original 
results invariably failed, the cyanogen bands and _ visual 
bands always appeared, but there was no trace of the ultra- 
violet bands. It may be noted that in the later experiments 
nitrogen was used which had for some time been standing in 
the storage system, which consisted of bottles of pyrogallic 
acid and caustic potash solutions and drying-tubes containing 
caustic potash and phosphorus pentoxide. 7 

Recently, while studying the spectra of mixtures of 
nitrogen and oxygen, the explanation has been found. 
With no kind of discharge, strong or weak, could the 
spectrum of the third group be obtained when approxi- 
mately pure nitrogen was used; but when a small quantity 

* Phys. Zeit. xv. p. 74 (1918). 
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of oxygen was added they invariably appeared when the 
discharge was weak, and also with the condensed discharge 
ina large vacuum-tube. In addition, feeble traces of the 
new group of bands observed by me, and called the B group 
by Strutt and Fowler, were found whenever the third group 
was seen 

The study of the afterglow was then resumed. The 
spectra were obtained with the large quartz spectrograph 
secured with the aid ofa grant from the Carnegie Institution 
of Washington*. A large end-on tube was used, with a 
quartz window, and a real image of the cross-section of the 
tube was thrown on the spectrograph slit. In this way the 
spectrum of the active nitrogen was superimposed on that of 
the discharge, and extended a little way beyond it. At the 
first trial the tube leaked slightly, but the afterglow could 
be maintained by repeatedly pumping out and refilling. The 
spectrum showed every band recorded by Strutt and Fowler 
and by me, and also the “fourth positive group” first 
observed by Strutt and Fowler. As remarked by them, 
these bands are found only in the spectrum of the discharge 
which produces the afterglow, but not in the spectrum of 
the afterglow itself. 

A fresh supply of nitrogen was prepared as before. 
Kreusler | states that nitric oxide is present in nitrogen 
prepared from sodium nitrite and ammonium sulphate. 
Such appeared to be now the case; with a feeble dis- 
charge the fluorescence of the glass was strong when the 
gas was first admitted, and the spectrum of the third group 
was intense. In the afterglow spectrum the other ultra- 
violet bands (except the “fourth positive’) also appeared. 
The smell of nitrogen peroxide in the gas escaping from 
the pump left no doubt as to the original presence of nitric 
oxide. After twenty-four hours the fluorescence could barely 
be produced ; after seventy-two hours none was to be seen, 
and in the spectrum of the active nitrogen the third group 
and 8 bands were barely perceptible, while cyanogen bands 
appeared. ‘The nitric oxide had evidently been absorbed by 
the pyrogallic acid or by the drying materials. 

When oxygen was admitted, so long as it was thoroughly 
mixed with the nitrogen in advance, there was no afterglow 
until the proportion of oxygen was reduced to something 
below one per cent. At less than one-half per cent. the 
glow was fairly strong, and was very bright when at least 
one-tenth per cent. was certainly present. The discharge 

* Astrophys. Journ. xxiii. p. 890 (1906). 
t Ann. der Phys. vi. p. 419 (1901). 
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was greatly affected by traces of oxygen ; with one-half per 
cent. present, the condensed discharge would not pass at a 
pressure above 2°5 cm.; when the nitrogen reached the limit 
of purity, the discharge passed at a pressure over 4 cm. 
One of the most remarkable facts noted was that after the 
glow had been once established, oxygen could be admitted to 
the pump until the pressure was raised 20 per cent. without 
destroying it. The discharge-tube was connected with the 
pump by a tube about 4 mm. in diameter and 250 cm. long, 
and as the oxygen slowly diffused over into the tube the 
active nitrogen seemed able to dispose of it in some way— 
possibly by converting it into nitrogen peroxide. Under 
these conditions the afterglow would last several hours, only 
slowly diminishing in intensity. If a little nitrogen was 
admitted, however, it drove the oxygen into the tube en 
masse, and the glow was immediately destroyed. If several 
minutes elapsed after admitting the oxygen before the dis- 
charge was set up, the afterglow was weak or absent. It 
~was also noted that nitrogen which at first contained a 
sufficient amount of oxygen to barely produce the third 
group of bands, would cease to do so after the discharge 
had passed for some time. (Compare fig. f in the ultra- 
violet of Plate X. with eandd. These were made with the 
same filling of gas, f being taken first.) Possibly all the 
oxygen or nitric oxide had been converted into peroxide by 
the discharge. 

Photographs of the pure afterglow spectrum, after the 
discharge had ceased, were obtained by the use of a sectored 
occulting disk which rotated in front of the slit and broke 
the circuit at regular intervals before the exposure was 
made. A number of photographs were taken with the 
nitrogen as pure as possible, and also with various propor- 
tions of oxygen. Some of these photographs are reproduced 
in Plate X.and are described below. The comparison spectrum 
is that of the iron spark. 

a. The true afterglow spectrum of nitrogen containing a 
small proportion of oxygen initially. After the afterglow 
was established, enough oxygen was admitted to the pump 
to raise the pressure 15 per cent. Nevertheless, the glow 
lasted during a three-hour exposure. The third and 8 
groups are strong; the second positive group do not 
appear. 

b. The condensed discharge in the same gas (taken before 
a). Itis to be noted that the “fourth” group of bands do 
not appear. 

c. The uncondensed discharge in nitrogen containing a 
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small trace of oxygen. The § group are clearly seen on the 
original negative, but are not relatively so strong as in a 
and 6. 

d. The true afterglow spectrum with a minimum of 
oxygen present. The third group and #8 group are abso- 
lutely lacking (compare with a), although the former are 
faintly visible in 7 and e, taken previously with the same gas. 
The cyanogen bands, which are lacking in the other photo- 
graphs, are now.strong. In structure they are exactly like 
the bands described by Strutt and Fowler *, and attributed 
by them to cyanogen. They probably arise from stop-cock 
grease. 

e. The condensed discharge in the same gas, accompanied 
by the afterglow. Some bands of the third group are faintly 
visible. 

f. The spectrum of the uncondensed discharge in the 
same gas. 

Other photographs taken after the nitrogen had been for 
a longer time in storage showed absolutely no trace of the 
third and 6 groups under any conditions. 

The visual bands in the green, yellow, and red were strong 
in all these cases. Without doubt Strutt and Fowler are 
correct in stating that they are the survivals of certain bands 
in the first positive group. It may be mentioned that these 
bands, first observed by me, were also seen by Schniederjost 
in an apparently imperfectly developed afterglow T. 

In addition to the bands heretofore described, three pairs 
of faint bands were found, of approximate wave-lengths 
4390, 4410, 4488, 4505, and 4596. The first pair appears 
to belong to Strutt and Fowler’s 8; group, the others to the 
83 group, as shown by their series relations. 

A number of observations were also made with nitrogen 
prepared by passing air over phosphorus. The afterglow 
was strongly developed, but the third and @ groups of bands 
were not found in the spectrum. The cyanogen bands were 
strong. 

The spectrum of nitrous oxide continuously admitted to 
the tube and pumped out contained all the bands found in 
the afterglow spectrum, but nothing additional. It did not 
destroy the afterglow when admitted, but produced merely a 
slight change in colour, which passed away in a few moments. 
When nitric oxide was admitted to the glowing gas, the 
green flame mentioned by Strutt was seen. The spectrum 
obtained by adding oxygen, nitrous oxide, and nitric oxide 

 * Proc. Roy. Soc. Ixxxvi. p. 1065 (1912). 
1 Zeit. fiir Wiss. Rot. ii. p. 277 (1904), 
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to nitrogen appears to be the same, both for the uncondensed 
dischar ge and the afterglow. There is strong fluorescence 
of the glass at first when either nitrous or nitric oxide is 
admitted to the uncondensed discharge, accompanied by a 
strong flaring-up of the third group. There is no strong 
fluorescence when oxygen is admitted, although there is 
enough to be observed. 

These results show that the third positive group of bands 
always appear when very small traces of oxygen are present, 
and are absent when the nitrogen is freed from oxygen as 
far as possible. The 8 group of bands always appear with 
the third group, but have a greater relative intensity in the 
spectrum of the afterglow. Both appear with the condensed 
discharge in a large tube, but not in a small one, where the 


current density is greater. No characteristic difference can 
be observed between the effects of adding small quantities of 
oxygen, nitrous oxide, or nitric oxide, but the inference is 
inevitable that these bands are in some way dependent upon 
oxygen. 

It appears that the only invariably characteristic part of 
the afterglow spectrum are the bands with heads at 6322, 
o8o4, 5442, and 5053, belonging to the first positive group. 
In my experiments the after glow continuously increased in 
intensity as the proportion of oxygen was reduced ; but I 
doubt whether in any case the nitrogen was completely treed 
from oxygen or nitric oxide. ‘he origin of the afterglow 
seems, therefore, an open question ; it may be an attribute 
of pure nitrogen, or it may be caused by traces of oxygen or 
other impurity. When so much oxygen is mixed with the 
nitrogen that there is no trace of afterglow with a moderate 
discharge, it may beset up brightly by an intense discharge ; 
and it seems possible that with ‘a sufficiently strong dis- 
charge it might be produced with large quantities of oxygen 
present. 

I have so far failed to determine the conditions under 
which Strutt and Fowler’s “fourth group of positive bands” 
appear. They were first obtained by me in the spectrum of 
the condensed discharge in nitrogen in which the afterglow 
could be maintained only with difficulty on account of leakage 
of air, and since I have been able to obtain them with clear- 
ness only when air was introduced. There are faint indica- 
tions of their presence on films taken with a slight admixture 
of oxygen, but no trace of them on photographs of the 
spectrum of nitrogen free as far as possible from oxygen. 
There were some indications that they are due to enhance- 


ment of certain lines of the third group of bands, but this is 
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not certain. Their structure is so unlike that of other 
nitrogen bands that, in Spite of the series relationships indi- 
cated by the results ‘of Strutt and Fowler, itis hard to believe 
that they are due to nitrogen alone. 

It seems clear from these experiments and the photographs 
previously published in the ‘ Astrophysical Journal,’ that the 
second group of bands belong exclusively to the discharge, 
not to the afterglow ; while the third and 8 groups are 
relatively more intense in the afterglow. The former are 
associated with the period of dissociation, the latter with the 
period of recombination. Of course these effects are super- 
imposed in the uninterrupted discharge. 

In closing this paper my attention has been called to an 
article by Konig and Hlod in the Physikalische Zeitschrift for 
February 15, 1913. They are of the opinion that the after- 
glow is a pr operty of pure nitrogen. This may well be the 

case, but I doubt whether it has been proven. It seems 
certain that the nitr ogen used by me and by Strutt was not 
free from oxygen, and I am not convinced ‘that anyone has 
ever worked with nitrogen free from oxygen. 


Berkeley, Cal., 
March 11, 1913. 


LXXXVIT. Jonization in Gases and Gaseous Miatures by 
Réntgen and Corpuscular (Electronic) Radiations. By 
C. G. Barkxua, F.R.S., Wheatstone Professor of Physics, 
and A. J. Puitpot, B.Sc., Layton Research Scholar, 
King’s College, London *. 


A STUDY of the ionization produced in gases and in 

mixtures of gases and vapours by corpuscular radia- 
tions and by Rontgen radiations furnishes valuable information 
regarding the processes taking place during the transmission 
of these rays through matter. The investigations on this 
subject described in the following paper will be considered 
under several headings. 


Total Ionization by Corpuscular (Electronic) Radiation 

in Gases. 

The relative ionizations produced in several gases by the 
complete absorption of corpuscular radiations set up by 
Réntgen radiation were investigated by Kleeman, and 
important conclusions were drawn from the results obtained. 


** Communicated by the Authors. 
Tt Proc. Roy. Soc. A. lxxxiv. pp. 16-24 (1910), 
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The corpuscular radiations were, however, of the variable and 
uncertain type set up by heterogeneous beams of Réntgen rays 
and the gases and vapours ionized were not the most suitable 
for our purpose, as the following considerations will show. 
In our experiments the corpuscular radiation studied was 
that emitted by thin sheets of gold traversed by homogeneous 
beams of X-rays. As is well known, the velocity of the 
ejected corpuscles depends not on the element emitting 
them *, or on the intensity of the Réntgen radiation causing 
their ejection, but simply on the absorbability—(or wave- 
length)—of this Rontgen radiation. In these respects as in 
many others the properties of Réntgen radiation are identical 
with those of ultra-violet light. 

The ionization-chamber used in these experiments consisted 
of a shallow metal box 1 centimetre in depth, with square 
ends of about 10 centimetres edge (see fig. 1). Large square 


Fig. 1. 
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apertures were cut in these metal ends, and carbon plates 
about 2 mm. thick were placed on the flat ends over these 
apertures, and the whole chamber made air-tight by means 
of wax poured on the outside of the plate, and round the 
edges. The carbon plates could be easily detached and 
refixed in the same position. A square electrode of aluminium 
wire crossed by meshes of extremely fine aluminium thread 
was placed in a plane midway between the two end faces. 
This electrode was connected through an insulating ebonite 
plug to the gold-leaf system of an electroscope. When the 
homogeneous X-radiation from a secondary radiator was 
allowed to fall on one face of the ionization-chamber, the beam 
which traversed the carbon window passed within the outer 

* It is possible that the velocity depends to a slight extent on the 


element, as it appears to do when ultra-violet light causes the ejection. 
No such dependence has been established in the case of X-rays. 
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boundary of the square terminal, and left through the opposite 
earbon plate. The only portion of the terminal exposed to 
the radiation was the meshwork of threads,—too fine to pro- 
duce an appreciable secondary radiation. The corpuscular 
radiation emerging from the carbon plates into the gas was 
then small, less in fact than the corpuscular radiation leaving 
the gas and entering the carbon except when hydrogen was 
the ionized gas, or in some cases when the pressure of the 
gas was low. 

The ionization produced in the gas by the beam of Réntgen 
radiation was observed first when the carbon plates were 
uncovered inside, and afterwards when eney were both covered 
inside with three gold leaves about 10-° cm. in thickness. 
(A second electroscope was used to standardize the intensity 
of the homogeneous Rontgen radiation.) The difference 
between the two ionizations observed in the ionization- 
chamber described was due to the much greater intensity of 

corpuscular radiation entering the contained gas from the gold 
than from the carbon. It may be readily shown from the 
observations of Barkla and Sadler on secondary X-radiation, 
that the X-radiations from the gold produced a negligible 
ionization in a chamber so short as that used. This has also 
been shown by direct experiment by Kleeman” for a longer 
ionization-chamber. ‘The loss of secondary radiations of all 
types from the gas into the walls of the chamber was of 
course the same in each case, and for our present purpose 
need not be considered. The return of tertiary X-radiations 
excited by these secondaries in the carbon or gold walls of 
the chamber may also be neglected because tertiary radiation 
of the X-type from either carbon or gold was certainly far 
too weak to be appreciable. We have, however, to consider 
the possibility of different amounts of energy of corpuscular 
radiation being returned by the gases into the ends and by 
the ends into the gases when the ionizations in two gases were 
compared. Though accurate data giving the amounts returned 
thus are not available, examination of the different possi- 
bilities shows that the error would be small in the cases inves- 
tigated, and a close examination of the results themselves 
supports this. We hope by using ends of very different 
reflecting power to be able to reduce the possible error, if 
this is at all appreciable. 

The difference between the two ionizations when a par- 
ticular primary X-radiation was used was thus due to the 
excess of corpuscular radiation escaping from gold over that 
from carbon, when these were traversed by that primary 


* Loe. cit. 
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radiation. That the corpuscular radiation was totally absorbed 
by the gas inside the ionization-chamber was shown by finding 
the relation between ionization and pressure of the gas in the 
manner of Beatty *. 

In fig. 2, line A shows the ionization produced by Sn 


X-radiation (series K) in air at different pressures, when the 
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ends of the ionization-chamber were of carbon, assuming 
the ionization to be proportional to the pressure. Such a 
relation would of course hold only if the ends were of air; 
with carbon ends the curve is actually concave upwards, but 
the ionization is so small in comparison with that due to the 
corpuscular radiation, that the error in assuming proportion- 
ality is negligible. In the apparatus we used, the deviation was 
too small to be readily measured. Curve B shows the rela- 
tionship between ionization and pressure when the ends were 
of gold. Subtracting the ordinates of curve A from the corre- 
sponding ordinates of curve B gives the ordinates of curve C, 
which thus represents the relation between the ionization 
produced by a corpuscular radiation in the air and the 
pressure of the air,—the corpuscular radiation being the 
difference between the corpuscular radiations from gold and 
carbon, excited by the X-radiation of series K characteristic 
of tin. 

Similar experiments were performed with ethyl bromide 
and methyl iodide vapours in the ionization-chamber. The 


* Proc. Roy. Soc. A. lxxxy. p. 308 (1911). 
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corresponding final curves are shown in fig. 2. In the ex- 
periments with ethyl bromide and methyl iodide, the full 
ionization-pressure curve was obtained experimentally when 
the ends of the ionization-chamber were of carbon as well as 
when of gold. Fig. 3, for instance, shows the corresponding 


Fig, 3. 
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A and B curves for methyl iodide, They are specially inter- 
esting because of their particular form. The curve A is 
concave upwards because there is a net loss of radiation by 
the methyl iodide at the ends when these are of carbon. 
Curve B is only slightly convex upwards because there is only 
a slight gain of radiation at the ends from the gold. 

It is evident from these curves then that at atmospheric 
pressure, air and all heavier gases completely absorbed the 
corpuscular radiation from the two end faces; and that ethyl 
bromide and methyl iodide produced complete absorption of 
the end corpuscular radiation at much lower pressures. The 
critical pressures for air, C,H;Br, and CH;I—that is, the 
pressures at which no corpuscular radiation was able to get 
across a chamber 1 centimetre in thickness—were 66, 16, and 
12 centimetres of mercury respectively. If we multiply 
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these by the molecular weights of the gases, we get numbers 
proportional to 190, 174, and 170, which are the relative 
masses of these gases required to produce complete absorption 
of the corpuscular radiation. The agreement between the pro- 
ducts for ethyl bromide and methyl] iodide is very close, while 
the difference between this and that for air amounts to about 
10 per cent.of the whole. These results showthat the maximum 
distance traversed by a corpuscle through these gases is ap- 
proximately inversely proportional tothe density of the gas. 

It will be observed that there were large differences 
between the ionizations produced in the two vapours and in 
air by the complete absorption of the corpuscular radiation, 
the relative values being 1:0, 1°50, and 1°48 in air, ethyl 
bromide, and methyl iodide respectively. 

It was evidently unnecessary to determine a series of 
ionizations at various pressures for all gases, for beyond the 
pressure just sufficient to completely absorb the corpuscular 
radiation, the measured ionization was seen to be constant. 
(See curves C, fig. 2.) Various gases were therefore intro- 
duced into the ionization-chamber, two ionizations—those 
obtained with carbon and with gold ends to the ionization- 
chamber—were measured, and the difference wasfound. As 
an example showing the order of agreement between the 
results of different experiments, the following details of 
observations are given. 

TABLE I. 
Giving results of experiments on the relative total ionizations 
produced by corpuscular radiation (that excited by 
Sn X-rays, series K) in air and sulphur dioxide. 


Total ionization in SO, 


| Bey te he -,- - | Corrected WE 2 
lonization in| Ionization in|. ~. |: by corp. radiation, 
Gas. chamber with |chamber with Fp cae fs ead a 
carbon ends. | gold ends. re one 4°! Total ionization in air 
: ; by corp. radiation. 
BNE cas si 1:0 9°77 8:80 
Owe. 7-46 15-90 8-66 a8 
1: eae 1:0 9°73 8°76 4: 
$05.5. 7-46 1551 8:27 Be 
AE sas 1:0 10°79 9:82 
Sie ee 7-82 17:00 9-42 = 


| 


This table requires little explanation. Column 4 gives the 
difference between the value in column 3 corrected for 
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the absorption by the gold leaves and that in column 2. 
Column 5 gives the ratio of ionization in SO, to ionization in 
air due to the complete absorption of a corpuscular radiation. 

The actual order of experiments was the determination 
first of ionizations in a number of gases occupying the 
ionization-chamber in turn when this was faced with carbon, 
and afterwards of the ionizations in the same gases when the 
two ends were faced with gold. This ensured more exactly 
the same experimental conditions for the various gases. 


The range in the velocity of the corpuscles obtainable by 
means of the homogeneous Réntgen radiations is certainly 
not very wide, though the absorbabilities may vary enor- 
mously. The extreme radiations with which accurate results 
could be obtained were those excited by Se and by Sn 
X-radiations of series K. According to Whiddington the 
range of velocity of the most rapidly moving corpuscle in 
each case is from °8 to 1:2 x 10’? cm. per second. Using Sn 
X-radiation (series K) to excite the corpuscular radiation, the 
ratio of total ionizations in SH, and SO, was 1°40; using Se 
radiation it was 1°43, which was within the possible error of 
experiment in agreement with the other. It was evident that 
within the range of velocity here experimented upon the 
relative ionizations were independent of the velocity. 

The corpuscular radiations subsequently employed in these 
experiments were those excited in gold by Ag, Sn, and Ba 
X-radiations (series K). 

The relative total ionizations produced in nine gases and 
vapours by the complete absorption of identical corpuscular 
radiations are given in the following Table. 


Tase II, 
Showing relative numbers of ions produced by corpuscular 
radiation (set up by a homogeneous X-radiation) when 
completely absorbed in various gases. 


Relative total ionization Ae mp. of 
_Gas 1 by corpuscular s cers pence: ae 
ionized. tape: absorbed per pair of ions 
produced. 

UNV OR aN gene 100 | 1-00 

EIA erento anes 102 98 

ING acoeen eee 93 1:07 

OMe St Sun eanpey 110 91 

OO aaa mass 102 98 

SIS aise genes 133 75 

BOR ce cates 96 1:04 

Ce Bip. she 150 67 

Of 9) Mere 148 68 
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The relative total ionizations due to corpuscular radiation 
resemble the relative ionizations found by Bragg for the 
complete absorption of the « rays, though there are marked 
differences. For « rays, for instance, some of the relative 
ionizations are air 100, O, 109, CO, 108, CHI 133. 

Kleeman concluded from his experiments on other vapours 
that the relative ionization by these two types of rays were 
almost exactly the same. There is certainly similarity be- 
tween them, but perfect agreement cannot be said to have 
been established. 

If we divide the values found by Kleeman for the ioni- 
zation per centimetre path of a @ particle by the density of 
the absorbing substance, then on the assumption that the 
diminution of energy of a corpuscle per centimetre of path is 
proportional to the density of the substance traversed (the 
range of velocity being the same), we get the following 
relative values of the total ionization: Air 100, O, 106, CO, 
105, SO, 101, C,H;Br 116, CH,I 112. Comparison of these 
results with those given in Table IT. suggests either a complete 
change in the relative ionizations with the velocity of the 
corpuscles, which other experiments do not support, or that 
the absorption of energy is not according to the density law. 
Kleeman’s suggestion that the absorption of 8 particles 
follows the same law as that for « particles, that is, that the 
relative distances travelled by « and £ particles in different 
gases for equal losses of energy are probably the same, does 
not appear to be in harmony with our previous experiments 
on the maximum distances traversed in different gases by 
corpuscles. 

One interesting feature of the results given in Table II. is 
the marked difference between the energy spent in producing 
a pair of ions in SH, and in SO,, 


Total Ionization produced by Corpuscular Radiation in 
Gaseous Mixtures. 


As the ionization produced by corpuscular radiation 
depends on the particular gas absorbing the radiation, 
accurate experiments on the ionization produced in gaseous 
mixtures by corpuscular radiation show us at once on the 
simplest assumptions what portion of the ionization takes 
placeineach gas. Thus the total ionization in ethyl bromide 
is 1°5 times that in air. If the total ionization in a mixture 
of air and ethyl bromide is 2 times that in air, then 


w=f('5) +(1-f), 
where / is the fraction of energy absorbed in ethyl bromide. 
Knowing wz we determine /. 


dL2 
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The results of experiments similar to those on the simple 
gases and vapours are given in Table ITI. 


TasueE III. 


Showing relative total ionizations by corpuscular radiation 
in gaseous mixtures. 


Total ionization due to 


Gas ionized. ie 
corpuscular radiation. 


AGry Geren eerie, see et Oe! 100 
Bhi aha mule a anaes 102 
GFL Breve: teen NN Be 1:50 
Air (59°4)+C,H,Br (16°6)...... 1:26 
H, (59°4) + CoH, Br (16:6) ...... 1:48 


Column 1 gives the gas or gaseous mixture ionized by 
corpuscular radiation, and the partial pressures of the con- 
stituents of a gaseous mixture ; column 2 gives the relative 
total ionizations produced in these gases by the complete 
absorption of the corpuscular radiations set up by homo- 
geneous beams of X-rays. 

From the above values of the ionization in the mixture of 
C.H;Br and air, we find that 52 per cent. of the radiation 
was absorbed in C,H;Br and 48 per cent. in air. The masses 
were about 51 per cent. and 49 per cent. of the whole 
respectively. Thusas nearly as such experiments are capable 
of showing, in a mixture of C,H;Br and air the absorption of 
energy of corpuscular radiation by the two constituent gases 
is proportional to the relative masses. There is no evidence 
of appreciable selection. In the mixture of about 94 per 
cent. C.H;Br and 6 per cent. H,, the calculated relative 
absorptions of energy by the two constituents were about 96 
per cent. and 4 per cent. respectively. This result shows a 
large excess of energy absorption by the C,H;Br, though 
as the above was based on a single observation and as the 
absorption by hydrogen is very small, the possible error is 
too great to allow us to form a conclusion as to the deviation 
of the absorption by hydrogen from the density law. 


Tonization in Gases and Vapours by Réntgen Radiation. 


The ionization produced in gases and vapours by homo- 
geneous beains of Réntgen radiation was first studied by one 
of us several years since, The results of experiments on 
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only two, CO, and C,H;Br, were published at the time, 
as these two were typical of all the others. The relation 
between the ionization of a gas and its characteristic spectrum 
was then shown, and a considerable portion of the ionization 
in ethyl bromide was seen to be due to the secondary corpus- 
cular radiation from bromine. The results of experiments 
by Sadler were made use of in estimating the ionization due 
to the corpuscular radiation. From later work by Beatty 
and Bragg it appears that some of these results of Sadler’s 
were somewhat small. Accepting Beatty’s experimental 
results instead, the calculated percentage of ionization in 
C,H;Br and air due to corpuscular radiation becomes about 
80 per cent. Beatty made a careful investigation of the 
ionization in seleniuretted hydrogen, and concluded that in 
some cases at least much the greater part of the ionization 
was due to the secondary corpuscular radiation. By the 
application of the results already given in this paper to the 
results of Beatty’s experiments, we can show that there is 
probably very close agreement between the ionization due to 
secondary corpuscular radiation and the total X-ray ionization. 
In the absence of more definite information, however, Beatty 
assumed that the corpuscles ejected from Se in SeH, pro- 
duced the same number of ions in SeH, as they would in 
air. As Se has an atomic weight very close to that of Br, 
and as H, in SeH, takes the place of C,H; in C,H;Br, we 
should estimate the number of ions that would be produced 
in SeH, to be about 1°6 times the number in air. If, 
then, we multiply Beatty’s calculated value of the ionization 
produced by the corpuscular radiation by 1:6, we find in the 
various cases considered that 120, 87, 84, 86, and 103 per 
cent. of the ionization was due to the secondary corpuscular 
radiation. The average of these is 96 per cent. 

Bragg, however, was the first to insist on the interpretation 
that the whole ionization was due to the secondary action of 
the ejected corpuscles. All experiments on ionization, how- 
ever, did no more than merely indicate the possibility of this. 
The first convincing proof was given by OC. T. R. Wilson, 
who showed by his condensation experiments that all the 
ions formed in air were to be found along the trails of the 
secondary corpuscles. 

Turning now to the accurate determination of the relative 
ionizations produced in various gases and vapours by Rontgen 
radiation, only the results of experiments on one or two gases 
have been published. In addition to the work to which 
reference has been made, E. A. Owen * has recently made 
careful measurements of the ionizations in CO, and SO, 


* Proc. Roy. Soc. A. Ixxxvi. pp. 426-489 (1912). 
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when traversed by homogeneous beams of X-rays. We 
give below the results of experiments which have been 
made at various times within the last four years on the 
ionizations in a number of gases and vapours produced by 
homogeneous radiations. 

When a beam of Réntgen radiation traverses a gas, 
ionization is produced by secondary radiations of three types 
from the window and walls of the containing-chamber, 
exposed to the primary radiation, in addition to secondary 
radiations of three types from the atoms of the gas itself ; 
consequently the total ionization depends to a large extent 
upon the particular conditions of the experiment governing 
the extent to which the gas absorbs these secondary radia- 
tions. In large ionization-chambers practically all the 
secondary radiations may be absorbed, while much may 
escape through the gas contained in small chambers. Without 
closely reproducing the experimental conditions, it is almost 
impossible from different experiments to get numerical 
results which show close agreement. It is essential then 
that in giving the results of investigations it should be 
precisely stated what the ionization is produced by, that is 
what radiation is really absorbed in the gas. 

In these experiments homogeneous beams of Rontgen 
radiation were used as the ionizing agents, and ionization- 
chambers of various lengths were employed. One of these 
was a brass cylindrical vessel 12 em. long and 7 cm. in 
diameter. This was lined with aluminium in some cases and 
paper in others. A very thin aluminium wire terminal was 
placed axially in the cylinder, and was connected through 
a side tube with an electroscope of the ordinary Wilson 
pattern. The chamber was provided with inlet and outlet 
tubes for the admission of gases and vapours. This ionization- 
vessel and a standardizing ionization-vessel were placed in 
position so that each received a portion of the fluorescent 
radiation from a particular element which was subject to 
the primary X-radiation from an X-ray tube. ‘The usual 
precautions were taken to screen the ionization-chambers 
from other radiations. 

The ionization in the ionization-chamber when it con- 
tained a particular gas was compared with the ionization 
in the same when it contained air, the radiation being un- 
changed and the intensity of the radiation being constant, 
as shown by a constant ionization in a second chamber 
which contained air. These observations were repeated with 
many radiators. As the radiation traversing the various 


gases is absorbed to various extents, the intensity of radiation 
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to which the deeper layers are exposed varies with the 
gas. We wish, however, to compare the ionizations pro- 
duced in different gases by beams of the same intensity. If 
2 be the ionization produced by a beam of unit intensity and 
unit cross-sectional area per unit length of gas traversed 
when all or a definite fraction of the secondary radiation is 
absorbed, we may write the ionization produced by a beam 
of intensity I and cross-sectional area A in a layer of 
thickness dz as iAIdz, and in a length / of the gas as 


J 
ia| Ida, 
0 


provided the same fraction of secondary radiation is ab- 
sorbed. We will call z the coefficient of ionization ef that 
particular radiation in that particular gas. As the experi- 
mentally determined ionization may or may not include the 
ionization due to all the secondary radiations from the gas 
itself, the values obtained for the ionization coefficients must 
depend on the particular circumstances of the experiment. 
The particular secondary radiations which are absorbed or 
which escape must be stated along with the ionization co- 
efficient. 
The total ionization in a length J of gas 


7 


=ial Tye da 
0 


pafl—e™ 
=iAl,( ~ ), 


where A, the coefficient of absorption, has the usual 
meaning. 

Thus, owing to the screening of the deeper layers of the 
gas, the ionization produced in the chamber is that which 
Laat 

ru 
were exposed toa radiation of the intensity of the beam as 
it is at incidence. Calling this the effective length of the 
ionization-chamber, the relative coefficients of ionization are 
obtained by comparing the total ionizations of the gases in 
chambers of equal effective lengths. 

It is necessary, also, to eliminate the effects of the secon- 
dary radiations from the ends of the ionization-chamber. 
There is, however, not only an increase of ionization due to 
secondary radiations from the solid ends into the gas experi- 
mented upon, but a loss of ionization owing to radiation 


, if all the gas 


would be produced in one of length 
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from the gas leaving through the ends of the chamber. The 
net result may be either a gain or a loss. By selection of 
the material forming the ends of the chamber, it is possible 
to make these effects calculable from observations which 
have already been made on secondary radiations of the three 
types. Aluminium ends were used, as Sadler had made 
a fairly exhaustive study of the corpuscular radiation 
from aluminium under the action of various homogeneous 
radiations. 

When the gases nitrogen, oxygen, carbonic acid, nitrous 
oxide, coal-gas were used, the net gain of corpuscles from 
the ends was, within a small error, equal to that when air 
was used as the gas being ionized. When sulphuretted 
hydrogen and sulphur dioxide were ionized, the gain or loss 
became inappreciable, first because the total ionization was 
very great and the end effect proportionately smaller ; 
secondly, because the corpuscular radiation from sulphur, 
an element ef atomic weight near to that of aluminium, 
being lost by the gas, would tend to neutralize the gain from 
aluminium. When combined with hydrogen the balance 
would be fairly good; when combined with oxygen in 
sulphur dioxide there would probably be a net gain from 
aluminium, for the oxygen would intercept and prevent 
about half of the corpuscles from sulphur which would 
otherwise escape from getting away, while the oxygen would 
contribute little to the corpuscular radiation. 

When heavier vapours were ionized and the incident radia- 
tion was sufficiently penetrating to produce comparatively 
large corpuscular radiations from the aluminium ends, the 
net result would bea loss of ionization due to the ends. 
This loss, however, was small compared with the total 
ionization, for the thickness of the layer from which they 
emerged was small compared with the total length of the 
ionization-chamber. In these, then, the end effect was 
negligible. 

The end effect due to gain or loss of corpuscular radiation 
was thus corrected in the calculation of the ionization in 
some gases, and was negligible in others. 

From a knowledge also of the penetrating powers of the 
fluorescent and scattered X-radiations from the elements 
constituting the gas, it may readily be shown which cf these 
was absorbed in the gas itself in the particular experiment 
the results of which are given. When an appreciable 
fraction of the primary radiation absorbed was re-emitted as 
scattered radiation, this was of so penetrating a type that 
it produced a negligible ionization compared with that 
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produced by the direct primary beam. We may therefore 
neglect further consideration of this. The fluorescent radia- 
tions from the ionized gas can only be dealt with individually 
as we consider each gas. 

The radiation scattered from aluminium being of the same 
penetrating power as the primary would produce relative 
ionizations similar to those due to the primary, so that except 
for a different correction for absorption due to divergence of 
the scattered radiation, the ionization may be included with 
that of the primary. The error introduced by neglecting 
this is negligible. 

The very soft fluorescent X-radiation from aluminium 
contains only a very small portion of the energy of the 
primary radiation absorbed in the thin layer from which it 
can emerge. It is also negligible in its ionizing action ; if 
it had not been soit would have been included in the i ionizing o 
effect of the soft corpuscular radiation studied by Sadler, and 
would have been corrected with the corpuscular radiation. 
After correction for absorption, and where necessary for the 
corpuscular radiation from the window and walls of the 
ionization-chamber, the following results (Table IV.) were 
obtained for the coefficients of ionization in a number of 
gases compared with the coefficients of ionization for the 
corresponding radiations in air*. Beatty’s values for the 
ionization in ‘HL, and SeH, have bien added f. 

Perhaps the simplest way of stating the conditions of the 
experiments is that the ionization coefficients obtained for 
air, coal-gas, H,, Nz, O02, CO., N20, SH;, SO, were those got 
by complete absorption of all secondary radiations except the 
scattered X-radiations. Only in the case of SeH;, C,H;Br, 
and CH,I did the greater part of the characteristic aoe 
(series K) from Se, Br, or I escape—when it was excited ; 
and only in the case of the former two when ionized by Sr 
and Mo characteristic radiations would the complete ab- 
sorption of the fluorescent radiations have made any great 
difference to the ionization coefficient. Of course, in many 
cases the absorption of the scattered X-radiation or of the 
fluorescent X-radiation produces no appreciable increase in 
the total ionization; so that we may say either that the 
results include or do not include the scattered radiation 
ionization. In the case of the ionization of light gases by 
penetrating radiations, however, nearly all scattered radiation 


* E. A. Owen obtained values for CO, about 10 per cent. ee than 
those given in Table IV., and for SO, values, within 1 or 2 per cent. of 
our values in this table. 

t+ Phil. Mag. Aug. 1910; Proc. Roy. Soc. A. lxxxv. p. 578 (1911). 
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escaped, and if it had been absorbed it would have added 
considerably to the ionization. Thus the most simple and 
accurate generalization with regard to the scattered radiation 
is contained in the statement made above, that the ionization 
coefficients of Table IV. do not include ionization due to the 
scattered radiation. 


The principal features to be observed in the above results 
are these :-— 

The ionization coefficient in a given gas relative to that 
in air remains practically constant, or changes only slowly 
with the wave-length or penetrating power of the ionizing 
X-radiation, except when the wave-length is near and is also 
shorter than that of a radiation characteristic of an elemeut 
of the ionized gas. Thus the relative ionization coefficients 
in coal-gas, Nz, O2, CO., NO change little, if at all, through 
the range of wave-lengths used in these experiments; those 
in SH, and SOQ, rise slightly with decreased wave-length ; 
those in SeH, and C,HsBr remain practically constant* when 
the wave-length of the ionizing radiation is longer than that 
of the X-radiation of series K, characteristic of Se and Br 
respectively ; in CH,I the ionization coefficient rises more 
rapidly—as does also. the absorption coefficient relative to 
that in air. When the wave-length becomes shorter than 
that characteristic of a constituent element of the ionized 
gas, the ionization coefficient changes in the manner described 
in a previous paper, rising slowly, then rapidly and finally 
approximating to a constant relative to that in air as the 
wave-length becomes shorter. This is seen in the ionization 
coefiicients in SeH,, C.H;Br, and CH;I for radiations more 
penetrating—of shorter wave-length—than those charac- 
teristic of Se, Br, and I respectively. A similar variation 
has also been found in the ionizations in Se,Cl, and SnCl, 
for radiations more penetrating than those of Se and Sn, 
though only the order of magnitude of the ionizations has 
been observed in these gases. 

It may be seen, however, that in H, the ionization co- 
efficients as determined by Beatty are constant only as far 
as the radiation characteristic of arsenic, and that the 
increase shown for Sn is of the order of magnitude that 
would be expected if H, had a characteristic radiation of a 
series J not hitherto observed, a series of radiations more 
penetrating than those of the K series from corresponding 


* The range of wave-length over which the ionization coefficient 
appears constant is, however, shorter in these cases. 
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elements. Such a result would, however, be produced by 
the presence of a small quantity ‘of arseniuretted hydrogen 
in the hydrogen. ‘he ionization in hydrogen is worth 
further investigation, for, if the results obtained are actually 
those for hydrogen, they are important in indicating a 
characteristic radiation of a hitherto undiscovered third 
series. If, on the other hand, the deviation from propor- 
aay be due to an impurity in the hydrogen, this shows 

that hydrogen has a remarkably low ionization cogiteens 
for the softer radiations— possibly of the order of zoho or 
even a smaller fraction of the corresponding coefficients of 
ionization in air. 

There is a general similarity between the relative 1oniza- 
tions in the gases and vapours, and the relative absorptions 
of the ionizing radiations in these gases and vapours. The 
light gases which absorb comparatively little of the primary 
radiation are ionized to a small extent, There is not, how- 
ever, exact proportionality between ionization and absorp- 
tion*. This is clearly seen from the ionizations produced 
in SH, and SO,, the ionization in SH, being greater than 
that in SO,, whereas the absorptions a the ionizing radia- 
tions are in the reverse order. ‘This difference was shown 
by Barkla and Simons f to be a true case of different energy 
consumption for equal numbers of ions produced in these two 
gases. 

If we compare the amount of energy truly absorbed in the 
gases (by subtracting from the absorption coefficient that part 
due to scattering) with the ionizatiuns produced, we find 
that the relative ener gy spent per ion produced varies to a 
certain extent with the gas. This is shown in relative values 


of = that is 


coefficient of absorption —coefticient of scattering 


relative coefiicient of ionization : 


for a particular radiation in a particular gas, which are given 
below. In the cases here dealt with, the scattered radiation 
was the only secondary radiation to escape. 


* Absorption of homogeneous X-rays by gases and vapours was 
investigated by Barkla and Collier (Phil. Mag. June 1912, p. 987). 
Absorption by elements had been previously studied by Barkla and 
Sadler (Phil. Mag. May 1909, p. 789). 

Phil. Mae. Feb, 1912 2, pp. 317-338. 
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TABLE V. 


Showing relative numbers of ions produced in gases by 
the complete absorption of Réntgen radiation and all 
the secondary rays. 


Relative ioniza-| Relative energy 
tion for equal} of X-radiation 


Gas, | energy absorp-| absorbed for 
| tions of X-radia-| equal numbers 
| tion. of ions produced. 

PRAT es tte 100 1-0 
oils ae AP eeeser een 127 79 
DO ere ck cee. 90 dt | 
GSE DEE nas ta | 160 "62 
(OU Sie eee ee | 140 (approx.) 72 


If we compare these values with the corresponding values 
of the relative ionizations produced for equal absorptions of 
corpuscular radiation energy, we see there is a very close 
similarity,—that is, the relative numbers of ions produced 
in various gases when a Rontgen radiation is completely 
absorbed in these gases, are approximately the same as those 
produced by the complete absorption of a corpuscular 
radiation. 

Accepting as proved that all X-ray ionization is by means 
of the ejected corpuscles, the above approximate equality of 
the relative total ionizations in various gases by X-rays and 
by corpuscular (electronic) rays, shows that the number of 
corpuscles set free in a gas by a Rontgen radiation which 
is completely absorbed depends little if at all upon the 
nature of the gas. 


Ionization in Gaseous Mixtures by Réntgen Radiation. 


As the number of ions produced by a corpuscular radiation 
depends to a certain extent upon the gas absorbing that 
radiation, the total ionization produced by an X-radiation 
in a mixture of gases should differ from the sum of the 
ionizations produced in the separate gases, for when a simple 
gas is ionized it absorbs its own corpuscular radiation, while 
in a mixture the corpuscles from each gas are partially 
absorbed by the other gas, and the absorptions of corpuscular 
radiations by the two gases are by no means proportional to 
the numbers of corpuscles which they emit. As Barkla and 
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Simons * pointed out, if all ionization by X-rays be due to 
secondary corpuscular radiation, the difference between the 
ionization in a mixture and the sum of the separate loniza- 
tions ought to be well marked. Preliminary experiments 
did not indicate a difference outside the possible errors of 
experiment. ‘The differences to be expected from these ex- 
periments were, however, only small, though apparently 
outside the limits of experimental error. We have therefore 
continued these experiments under conditions more favourable 
to the detection of any difference that might exist. This 
has been done by two different methods. In one the ad- 
ditional ionizations due to the admixture of a small quantity 
of vapour of ethyl bromide with two different gases were 
compared ; in the other the sum of the ionizations in two 
separate gases was compared with the ionization produced in 
the mixture of the two gases at the same partial pressures as 
separately. 


(a) Lonization due to mixture of C,H;Br with air and 
with SH,. 

It has been seen that when a corpuscular radiation is 
completely absorbed in sulphuretted hydrogen the number 
of ions produced is about 33 per cent. greater than when the 
same corpuscular radiation is absorbed in air. If, then, all 
ionization by X-rays is due to the secondary corpuscular 
radiation, we are led to expect that when a very small 
quantity of ethyl bromide say is added to sulphuretted 
hydrogen, the additional ionization produced is 33 per cent. 
ereater than when it is added to air and ionized under the 
same conditions, for in each case the corpuscles from the 
ethyl bromide are absorbed by the gas with which it is 
mixed. 

When the quantity of ethyl bromide is made so small that 
the proportion of corpuscles which it absorbs is negligible, 
the errors of experiment, however, become too large for 
accurate work. In our experiments we mixed ethyl bromide 
at pressures of 2, 4, 6, and 10 cm. of mercury with air and 
with sulphuretted hydrogen, bringing the total pressure in 
each case to one atmosphere. 

The ionization-chamber was cylindrical in shape, 12 centi- 
metres long and 7 centimetres in diameter, while the windows 
and lining were of aluminium. The ionizing radiation was 
the Ag X-radiation (series K). The results given in 
Table VI. are the average of several determinations with 
each quantity of ethyl bromide. 


* Phil. Mag. Feb, 1912, pp. 317-338, 
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TABLE VI. 


Showing that when X-rays are absorbed in a given vapour, 
the ionization depends on the surrounding gas absorbing 


the corpuscles from that vapour. 


Partial pressure} Ionization due to} Ionization due to | | 


of C;H;Br in| C,H;Br when! C,H,Br when | Ratio of column 
em. of mercury.|_ with air. | with SH,. ' to column 2, 
2 em. 3°92 4°78 1-222 
4 em. 8:16 | 9:52 | 1:17 (irregular) 
6 em. 12°06 14:46 1:20 
10 em. VAs sca oyl 229 118 


The numbers in column 4 show the ratio of the ionization 
due to mixing C,H;Br with SH, to that due to mixing with 
air. In each case the former is the greater of the two, as 
might be foretold from the results of experiments on the 
ionizing effect of corpuscular radiations, given in Table IT. 
The results for 4 cm. of C,H;Br were somewhat irregular, 
and for 2 em. of C.H;Br much more so; consequently in the 
latter case, although the percentage error cannot be great, 
we cannot attach much significance to the exact results of 
calculations of relative absorptions based on the numerical 
result given. 

Now assuming all X-ray ionization to be due to secondary 
corpuscular radiation and that energy absorption of such 
a radiation is proportional merely to the density of the 
absorbing gas or vapour, we should have expected the ratio 
of the values given in columns 3 and 2 to be somewhat 
higher than that actually found. Thus if m, and m, be the 
masses of C,H;Br and air in a mixture, and if ¢ and a be 
the ionizations in C,H;Br and in air when alone, and / the 
fraction of the ionization in either gas due to its corpuscular 
radiation, then the additional ionization due to mixing 


C.H;Br with air is 
G—fyetfe—— +fe 


M,+ Ms 


Mog 
Mz + Ms 


1 My 
Xx T5 salle erate d—1). 
The four terms in the above expression represent (1) 
direct ionization in C,H;Br ; (2) ionization in C,H;Br due 
to corpuscular radiation from C,H;Br ; (3) ionization in air 
due to corpuscular radiation from C,H;Br ; (4) increase in 
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ionization in the mixture due to corpuscles from air being 
absorbed in C,H;Br instead of in air itself. 

The corresponding increase in ionization in SH, due to 
mixing a mass m, of C.H;Br with m,! of SH, is 

my A Mig i) hoo +f my SS 
en ae a s——_— (| —_ — 
my + Mz! m,+m,) 1:5 My, + Mz! 1°33 
s being the ionization in SH, alone. 


(l—/)e+fe 


The ratio of the two expressions above may be equated to 
the ratio given in column 4, for a particular pressure of 
C.H;Br. Assuming f to be unity, that is all the ionization 
to be due to the corpuscular radiation, the values 1:35, 1-29, 
1:25, and 1:20 would be expected in column 4. We have, 
however, taken no consideration of the fluorescent X-radia- 
tion of series K which is emitted by the bromine when 
exposed to such a primarv X-radiation,—Ag X-radiation of 
series K. This Br radiation is of course more completely 
absorbed by the SH, than by the air, and consequently tends 
to raise the ionizations due to mixing with SH,. The energy 
re-emitted by C,H,;Br as fluorescent X-radiation is, however, 
only about 7 per cent. of the energy absorbed, and of this 
only about + was absorbed in SH, in these experiments, so that 
the calculated values should be raised by about 2 per cent., 
making them 1°37, 1:31, 1:27, 1-22 respectively. The 
experimentally determined values 1°22, 1:17, 1:20, 1:18 are 
all somewhat lower, but the first, 1°22, is very unreliable and 
ought perhaps not to be taken as giving more than the order 
of magnitude. 

If we used these experiments to determine the fraction of 
ionization # due to corpuscular radiation, we should obtain 
the values ‘53, :73, °85 for the last three—the more accurate 
determinations. Thus, the most reliable experimental results 
would lead to the conclusion that something of the order 
of 75 or 80 per cent. of the ionization in C,H;Br by Ag 
X-radiation of series K is due to the corpuscular radiation. 


(b) Lonization in C,H;Br, in air, and in mixture of 


C.H;Br and air. 


In the second series of experiments on gaseous mixtures 
we determined the ionizations in (1) a small quantity of 
ethyl bromide when alone, (2) in air at a much higher 
pressure, and (3) in the mixture of these two gases at the 
same partial pressures as when separate. After correction 
for the absorption of the primary X-radiation in these gases, 
it was found that the sum of the two first ionizations was 
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considerably greater than the third; and the ionization in the 
mixture, however, does not agree closely with that calculated 
on the assumptions that all ionization by Roéntgen radiation 
is the result of the secondary corpuscular radiation and a 
density law of energy absorption. 

In these experiments a cylindrical ionization-chamber 
12 centimetres long and about 7 centimetres in diameter was 
used. In order to obviate the difficulties and uncertainties 
of the loss or gain of corpuscular radiation at the two ends 
of the chamber, the soft homogeneous radiation characteristic 
of copper (series K.) was used as the ionizing radiation. In 
such a case, the gain or loss of lonization owing to the 
material of the ends differing from that cf the ionized gas 
was almost infinitesimal, the corpuscular radiation penetrating 
only a small fraction of a millimetre of air under normal 
atmospheric conditions for instance. It was found that the 
ionization produced by the radiation in air and also in ethyl 
bromide did not differ appreciably from proportionality with 
the pressure, showing that neither corpuscular radiation lost 
or gained at the ends nor fluorescent X-radiation from the 
ends produced an appreciable portion of the observed 
ionization. 

After a small correction for the absorption in the separate 
gases and in the mixture, results were obtained of which the 
following is typical. The ionizations are expressed in 
arbitrary units. 


Tonization in C,H,Br at 2°6 cm. of mercury pressure =*728 
+ sum=1°101 

es air at 61°1 cm. \ ‘5 oe lies Bie 

mixture of the above = 989, 


9) 


If f is the fraction of ionization in any gas due to cor- 
puscular radiation, then assuming the absorption of energy 
of corpuscular radiation proportional simply to the density 
of the gas and independent of its quality, we may write the 
direct ionization in C,H;Br+that due to its corpuscular 
radiation 


63 Fane 
(Lf) "728+ 7a fx T28X T3 + ae fx ‘128, 


2. e., direct ionization+ ionization in air due to corpuscles 
from C,H;Br+ionization in C,H;Br due to its own cor- 
puscles :— 

[the relative densities of C,H;Br and air being 10: 63 
and the ratio of ionizations in C,H;Br and air due to equal 
absorption of energy of corpuscular radiation being 1°5: 1]. 


Phil. Mag. 8. 6. Vol. 25. No. 150. June 1913. 3M 


854 Prof. Barkla and Mr. Philpot: Lonization in Gases and 


Similarly, the direct ionization in air+ the ionization due 
to its corpuscles is 


(L—f)373 + 28 fx -BIB4 Ty fx B13 x 15, 


when mixed with air. 
Summing these two and equating to the observed ionization 


-989, we find 
f='63. 


Similar experiments with C,H;Br at pressures 3°8, 4°7, 
5°15 cm. of mercury were made, and the results were all 
of the same order of magnitude, the average value of f being 
°60. Thus again, though these experiments on the ionization 
in gaseous mixtures all indicate that a large proportion of 
the ionization is due to corpuscular radiation, they would not 
of themselves lead us to conclude that all the ionization is 
attributable to this secondary radiation. It is true that 
a small error in some of our experimental determinations 
would considerably alter the result of the calculation. But 
these calculations have all agreed in indicating a departure 
in the same direction from what might have been expected, 
on assumptions which have, under slightly different con- 
ditions, been justified with a certain degree of accuracy. 
Tt must be admitted that but for the experiments of C. T. R. 
Wilson and perhaps those of Beatty to which we have 
referred, we should regard these results as strong evidence 
in favour of a considerable direct ionization by X-rays in 
addition to that due to the swiftly moving corpuscles ejected 
from the atoms of the gas traversed. They, however, lead 
us to examine the assumptions and the data upon which the 
calculations are based. We have assumed that (1) the 
energies of the corpuscular radiation absorbed by the con- 
stituents of a gaseous mixture are proportional to their 
densities; (2) the number of corpuscles ejected by a con- 
stituent gas for a given energy of X-radiation absorbed, and 
the ionization produced in a constituent gas for a given 
energy of corpuscular radiation absorbed, are precisely the 
same as when the gas is alone; (3) the relative ionizations 
produced in air, SH,, and C,H;Br by the complete absorption 
of a corpuscular radiation are as indicated in Table II. Our 
results would, however, require a large deviation from the 
density law of absorption of corpuscular energy to afford an 
explanation. Yet we know of no evidence of such a deviation ; 
indeed, there is much evidence that there is little deviation 
even for comparatively slowly moving electrons. We haye 
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given evidence in this paper which strongly supports as- 
sumptions (1) and (2) in the particular case tested. There 
seems no reason to doubt the validity of the assumption (2). 
Again, we see no reason to suspect an inaccuracy of the 
necessary order in the determination of the relative ionizations 
produced in C,H;Br and in air by the complete absorption 
of a corpuscular radiation. (Many experiments were per- 
formed showing that the value 1°5 given in Table II. for 
C,H;Br is correct within two or three per cent.) Nor, as 
we have seen, is there reason to doubt the applicability of 
the ratio to the somewhat slower corpuscles excited by 
Cu X-radiation (series K). We must therefore leave this 
result for further investigation. 

These experiments, however, show that the deviation of 
the ionization in a mixture of gases from the sum of the 
ionizations in the separate constituents is of the kind and of 
the order of magnitude that would be expected if most of the 
X-ray ionization were due to the secondary corpuscular 
radiation. Jor some reason which we have not isolated, our 
experiments have not, on the assumptions made, indicated 
the entire absence of direct X-ray ionization. 


Summary. 


The relative ionizations produced in various gases and 
vapours by the complete absorption of corpuscular radia- 
tions set free by homogeneous X-radiations have been 
determined. 

No change of relative ionization with velocity of the 
lonizing corpuscles has been observed. 

The relative ionizations due to complete absorption of 
corpuscular radiation have been found to agree closely with 
the relative ionizations due to complete absorption of a 
Roéntgen radiation and all its secondary radiations. The 
results indicate that the complete absorption of a given 
X-radiation by different gases results in the emission of the 
game number of corpuscles. [|The case in which there is 
a large transformation of energy of primary X-radiation into 
fluorescent X-radiation has not yet been fully investigated. ] 

The ionization coefficients for homogeneous X-radiations 
in a number of gases and vapours have been determined, 
and the generality of the laws given by one of us further 
verified. 

The ionizations in gaseous mixtures due to the complete 
absorption of corpuscular radiation have been determined. 
On the most obvious and most probable interpretation of the 

3M 2 
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results these indicate the relative numbers of ions produced 
in the two constituent gases of a gaseous mixture. In 
C.H;Br and air, the relative absorptions of energy were 
found very closely in agreement with the relative masses of 
C,H;Br and air. 

The ionization by X-rays of gaseous mixtures has been 
shown to differ considerably from the sum of the ionizations 
in the two individual gases. The difference shows the effect 
of corpuscles from one gas being absorbed by the other, the 
nature of the deviation being what could be foretold from 
our experiments on ionization by corpuscular radiation. The 
magnitude of the effect, however, is not so great as we should 
expect on the simplest theory of ionization by ejected 
corpuscles alone. The possible causes have been discussed. 


I wish to express my thanks to the Solvay International 
Institute for a grant in aid of these researches.—©. G. B. 


LXXXVIIT. The Temperature of Sublimation. 
By J. Jory, P.RS.* 


ie a recent number of the Philosophical Magazine (Feb. 

1913) I described a simple apparatus (which I have 
called the Apophorometer) by means of which the chemical 
analysis of many volatile bodies may be effected by so regu- 
lating the temperature of the finely powdered substance as 
to volatilize one by one its several constituents in the order 
of their volatility. The successive sublimates are caught 
and removed in watch-glasses and weighed; the residue also 
being weighed when desired. I cited some examples of 
more or less complex mineral bodies quantitatively analysed 
by fractional sublimation. 

I was at the time surprised at the apparent sameness of 
temperature at which certain very different mineral species 
decomposed, but contented myself with pointing out the 
probable importance of temperature measurements and with 
indicating a method of effecting such measurements. ‘This 
method—that of determining the temperature in terms of 
the current which heats the hob upon which the substance 
reposes—has proved very satisfactory and easily applied ; 
the current and temperature maintaining a rectilinear 
relation at least so high as 1200° C. 


* Communicated by the Author. 
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Since the writing of my first paper I have been able to 
observe the temperatures of sublimation of a certain number 
of typical minerals, and although more observations are 
desirable, the approximate agreement among the results 
obtained, as well as the delay which must attend the 
acquisition of fresh material, induce me to give a brief 
account of what I have observed. I shall in the present 
paper refer to four volatile constituents only—antimony, 
arsenic, sulphur, and tellurium. 

The temperature of sublimation is not a fixed and definite 
point. Substances such as arsenic, sulphur, &c., are more 
or less volatile even at ordinary temperatures, and the rate 
of volatilization increases as the temperature rises. When 
the free element is being dealt with in presence of oxygen, 
we have to do with this range of increasing vapour-pressure 
as well as with the complication arising from the interaction 
of the element with oxygen. In this case the temperature 
of sublimation is not in general that of the oxide formed, but 
seems dependent mainly on the vapour-pressure of the volatile 
element at the particular temperature. In the case of com- 
pounds the stability of the compound in presence of oxygen 
must be the primary factor controlling sublimation at a rising 
temperature. How far the vapour-pressure of the volatile 
element in the compound affects the temperature of decom- 
position cannot be predicted, but, save in the case of deflagra- 
tion or similar phenomena, the decomposition temperature 
does not present itself in the experiments as a definite and 
sharply defined one, and the observation resolves itself into 
finding the temperature at which the liberated volatilized 
body, whether oxidized or unoxidized, first appears as a 
visible sublimate on the watch-glasses ; most often on the 
upper glass. We are here presented with much the same 
problem as that of determining the melting-point of a body 
having a certain range of viscosity. A time element enters 
into the observation. Accordingly I have allowed a fixed 
time—three minutes—in each case for the sublimate to 
collect. At the end of that time the hob is cooled and the 
upper glass removed and examined in a good light. The 
sublimate as first revealed may be a mere bloom or dullness 
upon the glass. With a longer allowance of time a some- 
what lower temperature would be obtained. The tempera- 
tures recorded are, therefore, approximate only, and actually 
indicate a certain rate of break up of the substance under 
examination. But they are comparable one with another; 
and in so far are indicative of the relative stabilities of the 
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substances examined. I may add that the state of comminu- 
tion of the powder is not, within limits, important. I have 
tried the effects of re-grinding a substance already tested but 
have not obtained any notable alteration of the sublimation 
temperature. 

The sublimation temperature is not arrived at on a single 
experiment. It is necessary to approximate to it on pre- 
liminary experiments made at neighbouring temperatures. 
As it is approached it is essential to put fresh powder (three or 
four milligrams) upon the hob for each observation of three 
minutes’ duration. The reason for this is that a powder which 
has rested on the hob for some time becomes slower in its rate 
of evolution of sublimate owing to the exhaustion of those 
lower particles which most perfectly take up the temperature 
of the ribbon. A deceptively high temperature must be 
maintained to affect those particles which are out of contact 
with the platinum. The slower rate of sublimation which 
arises after a certain time of exposure to a particular tempe- 
rature also, doubtless, involves the fact that the larger particles 
are at first only superficially affected, and a higher vapour- 
pressure is required to maintain the evolution of vapour from 
their interior. 


ANTIMONY. 


The observation of the sublimation of antimony is ren- 
dered easy by the definite characters presented by its oxides. 
These are either Sb,O, or Sb.O,. Both are pure white and 
very well defined sublimates, appearing nearly always in 
streaks on the upper glass transverse to the length of the 
ribbon. The commencing sublimate reproduces the distri- 
bution of the powder on the hob with a fidelity which shows 
that there is but little diffusion and suggests electrical repul- 
sion. The streaky deposition is solely due to the vortical 
air-currents prevailing between the glasses when the hob is 
heated. Neither of these oxides is volatile, and at no con- 
venient temperature can they be driven off the glasses if 
these are held over a bunsen flame. The sublimed Sb,QO, is 
instantly soluble in cold HCl; the sublimate Sb.O, is only 
soluble in the hotacid. The first faint white streak indicates 
the commencement of sublimation. 

A large number of antimony-bearing minerals carry the 
antimony in the stibnite or antimonite molecule, SbSs. 
The mineral stibnite sublimes first at about 480°. The 
following minerals possessing this molecule have been 
examined :— 
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TABLE I. 
re 
1. Stibnite. Sb,S,. AUVEK ONES sire aldeete 475 
2. sv “ Transylvania ......... 490 
2 ae 35 WOes oy. che aes Segeae ee 490 
4, 9. Ly 0; diapalse nae ee 470 
5. Chalcostibite. Cu,S, Sb,83. Woltsberg 2: taaecess 479 
6. Tetrahedrite. 4(Cu,S), Sb,S8,. Oey asi casas usecemeen 475 
7. Zinkenite. PbS, Sb,S,. Wioltsbexse” Sinen-ese 4795 
8. Jamesonite. 2 PbS, Sb,S.. Cornwall aes.secoesste 480 
9. Geocronite. 5 PbS, Sb,S8,. Salascds)sskcsade nner 450 
10. Plagionite. 5 PbS, 48b,8,. Woolisberg)) 2). 2e.ces 475 
11. Boulangerite. 5 PbS, 2 Sb,Ss. Open (ahr eee sees. 495 
12. Frieslebenite. 5(Pb, As)S, 2S8b,S8,. Guanajuato ............ 480 
13. Bournonite. 3(Pb, Cu,) 8, Sb.S,. iteleatds as a.tsv ae cess 490 
14. Miargyrite. Ag,S, Sb.S,. Brasco lisse. cr sceeos 500 
15. Stephanite. 5 Ag,S, Sb,8,. SCHEMMIIEZ . cc. scee eens 490 
16. Polybasite. 9 Ag,S, Sb,S,. MOC ee erue tones to atces 495 
ilvie He pr Guanajuato ............ 430 
18. Berthierite. FeS, Sb,S,. BrausdOre jc...) fondes= 550 
19. Cylindrite. 6 PbS, 68nS, Sb,8,. Boliviay wy. b5tit 3 600 
20. Livingstonite. HgS, 28b,8,. EMUIGZUEO), Gas /8584 or fe 440 
21. Breithauptite. NiSb. St. Andreasberg ...... 500 
22. Corynite. Ni(As, Sb)S. PSII) 2,( 001 i glint HORE 490 
23. Dyscrasite. Ag,Sb. adetncemt.cntecas-2. . §20 
24, Allemontite. SbAs,. PAieMiOn Gi ecnosaye cos 400 ? 
DiwAnbimony, Native and prepared. 9) 1 UL seieaeleecsdes see 500 


The oxide appearing at the temperatures recorded in the 
table is in general, if not always, the oxide Sb,O,. The 
oxide Sb,0, appears at a somewhat higher temperature. 
In many cases there is a definite cessation of sublimation 
between the appearance of the two oxides as the tempera- 
ture is raised. The interval may be 60 degrees or more ; 
varying considerably. I have only incompletely examined 
this phenomenon. | 

The most interesting feature of the table is the remarkable 
uniformity of temperature of sublimation of the minerals 
examined. Nos. 18 and 19 show rather unusually violent 
deflagration close to the sublimation temperature. This 
phenomenon seems generally attended by an exceptionally 
high sublimation temperature. It probably arises from 
superheating above the normal temperature of decomposi- 
tion ; the deflagration ensuing on a sudden breakdown of 
equilibrium. The decomposition of the stibnite molecule 
of No. 20 is preceded by the evolution of a sublimate of 
mercury. The temperature of subliming of the antimony is, 
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however, but little affected. This again illustrates how 
independently the constituent molecules behave under the 
influence of rising temperature. 

From these results we must conclude—contrary to what 
I think would have been anticipated—that a compound of 
antimony of the form n RS, mSb,83 becomes unstable in 
presence of oxygen at a temperature which is unaffected by 
the nature of R or the values of n or m. 

It would also appear from the results Nos. 21-25 that 
other antimony molecules besides the sesquisulphide break 
up at about this temperature, and that whether sulphur is 
present or not. The observation of the temperature of sub- 
limation of antimony from allemontite is rendered difficult 
by the rapid evolution of arsenious oxide which precedes the 
sublimation of the antimony. I found it, indeed, possible to 
distill off the whole of the arsenic leaving the antimony 
almost in entirety on the hob, and in this manner to quanti- 
tatively verify the constitution of the specimen. 

It is arather remarkable feature of these observations that 
the temperature of sublimation of the free element is higher, 
sensibly, than that observed in the case of some of the com- 
pounds examined. This seems to indicate that a certain 
influence on the temperature of sublimation arises from the 
presence of a more volatile atom. So far as the few obser- 
vations go, the temperature of break-up is not appreciably 
raised when the combined atom is more stable. Thus NiSb 
breaks up at 500° and Ag;Sb at 520°. This observation 
renders the high temperatures of sublimation of Nos. 18 
and 19 the more remarkable. 


ARSENIC. 


The difference between the behaviour of arsenic and anti- 
mony as volatile constituents of the molecule is interesting. 
The break-up of the arsenic-bearing compounds appears to 
be influenced by the molecular structure, so that these bodies 
fall into groups defined by very different sublimation tem- 
peratures. The number of experiments is small but they 
stand, so far as my observations go, without exception to the 
general principles which I have ventured to found upon 
them. Such exceptions as at first seemed to exist were in 
every case found explicable either on erroneous identifica- 
tion or were removed by the adoption in one or two cases 
of alternative and, I believe, more probable formule. In 
some respects the grouping must be regarded as provisional 
only. 
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Tasxe II. 
IIT. RAs : RAsS : B,As, : B,As,. 


(a 
1. Arsenopyrite. FeAsS. Cornwall nia 450 
2. %9 a Biocnhh. o eheas ae oes 430 
3. Cobaltite. CoAsS. Dunaber py cuisess oud sete 480 
A. ” “ Ramsberg . 3.45. .02e0-eaedes 495 
5. Gersdorfite. (NiCoFe);,(AsS),. PS) 125) | Ree ra 500 
6. i IBANAS ols. asec a eeme Lean 480 
7. Glaucodot. (CoFe)AsS. Hakensbodais...5...<.sscass 420 
8. »» » anti aiE Base Soak: 460 
9. Niccolite. NiAs. Och es ees Ses omiccy 450 
10. ‘5 %, Giadming 232/700 e ees 425 
11. Leucopyrite. FeS, Fe,As,,Fe,As, | _Reichenstein............... 455 
12. us var. Fe,As,. a by? ot als Jee cea are 520 
13. R si Pe Breiten brung ass bce 5S 
14, 9 ” 7. ER Nate Weer me atte 520 
Pare ea BIelspenAItes (INI IAS oe Wy a Daduwaveche dens 510 
16. Corynite. Ni(AsSb)S. STE T CUE ithe caeteisceateesours 500 
17. Chloanthite. As,S3, 5 (NijAsy). Val-d’Annivier.....0...00. 430 
18. Smaltite. ? Cobalt Ontario. occ. 420 
BOT, i OGRE See at incase estees doses 440 
20. Domykite. Cu,.As. SL ameaOrn PN ones enom 370 
21. Tennantite. 11CuS, FeS, 5CuAsS. Gann Beaer) exhtss kes 500 
22. : 4 5 Herodsfoot mine, Cornwall 430 
IT. RS, As,S, : As,S, : RAs, : RAs, (?). 
23. Orpiment. As,S,. Michael ee 220 
24, ae 3 Play yneses soeese occu 190 
25. Proustite. 3Ag,S, As.S,. Miontezsavaiy.s jes.ns-eanet: 250 
26. Pearceite. 9Ag,S, As.S,. Montana) ohssb p< ease 25: 240 
27. Dufrenoysite. 2PbS, As,S.,. TLengenbacht, .....2. iiscswend 250 
28. Sartorite. PbS, As,8,. {BINT AAA Soe aoiicontbe oder 210 
29. Enargite (2). 3Cu,S, As,§,. NSM GONe. oc sacs eae ne ek hess 225 
30. Binnite. 3 Cu,S, 2 As,S,. Beneembaen o 0... ascese 250 
31 & 18. Smaltite. ? Cobalt, Ontario s)..). 00 230 
32 & 19 . ? HQC ee, MARAE owe cok vacate 240 
33 & 17. Chloanthite. 2 As,§3, 10(Ni,As,). Val d’Annivier.........++ 220 
34 & 5. Gersdorfite : same as No, 5. RR aes 230 
I. As : AsS : loosely attached As. 
oo. Arsemic. -Native or prepared: © 96 | setucacetseeeee 145 
36. Realgar. As8. Belsobanyay 23.0 2s<.5.6.08 145 
ley!) a5 7 Tipeatiprs she Bees ease 145 
88 & 17. Chloanthite (tr. of subl.). Val. @Anniviers..:..62-2<: 135 
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The chief interest of these results is the support which 
they give to the view that there exist variations in stability 
among these compounds which increase per saltum and with 
a certain regularity as measured by the temperature required 
for decomposition. If this can be sustained a useful method 
of discriminating in some cases between true and erroneous 
structural formulee is to be found in such observations ; and, 
in addition, we seem to obtain information as to the relative 
stabilities of various interatomic relations. I shall point out 
some features of the results bearing upon the construction I 
have placed upon them. 

The first question that arises is, of course, how far the 
suggested subdivisions are actually justified by the observa- 
tions. In other words, how many and what exceptions and 
objections to the grouping can be detected? The grouping 
assumes that a compound begins to sublime at the particular 
approximate temperature of its group and decomposes at 
cr about this temperature. Now it is often found that a 
considerable increase of temperature is required if the subli- 
mation or decomposition of the specimen is to be maintained. 
If the increase is not more than 50 or 100 degrees we may 
explain this very simply as due to the necessity for heating 
the upper particles cn the hob as well as breaking up the 
larger grains of the powder. Sometimes, however, an eleva- 
tion of temperature is required which carries the temperature 
into the succeeding group. In nearly all cases when this has 
occurred, if not in all, there is a distinct interval of tempera- 
ture over which no sublimation is obtained. This interval 
may be 100 or 200 degrees, and in this interval no trace of 
sublimate appears, at least during reasonably prolonged 
periods of observation. When sublimation recommences, 
the lower limit of the higher group has been entered and 
sublimation proceeds just as if the substance had commenced 
its sublimation in this group. In the new group we must 
again raise the temperature to maintain the sublimation. A 
deflagration point may be reached, attended, in some cases, 
by a copious evolution of sublimate, and after this a rapid 
decline in the rate of expulsion of volatile matter. There 
may succeed yet another interval of temperature in which 
no sublimation occurs, and at a temperature which may lie 
above that defining the highest group—at 800° or higher—a 
final evolution of sublimate may take place. On account 
of the occasional occurrence of this phenomenon I have 
numbered the groups from below upwards, as I think it 
probable that further observation may show the existence of 
a higher group. 


Temperature of Sublimation. 863 


We can explain these facts in either of two ways. (a) As 
arsenic is expelled from the substance fresh combinations 
occur within it. Thus if a molecule RAs, loses As, the 
molecule RAs may be formed and this may only break up in 
the higher group. In this case it should be noticed that 
either an equal or less amount of arsenic will be liberated in 
a succeeding stage. If there were a number of stages in 
which half the arsenic came away each time, of course there 
would be a geometrical decrease. Other laws of decrease 
might obtain. I have found, however, that there is often 
an increase in the amount liberated at a higher stage. If an 
arsenide in the course of its decomposition passes from 
group II. to group III., there is often a very marked increase; 
but if after this the temperature has to be carried very high, 
into what may be called, provisionally, the fourth group, to 
complete the liberation of arsenic, the sublimate in the 
fourth group is smaller than that obtained in the third. 
The explanation (a) cannot, therefore, generally be true, and 
we must adopt the alternative explanation: (6) that the 
several molecules decomposing at the different group 
temperatures existed in the substance from the first. There 
seems no reason to doubt that thisis often or generally the case. 

It will be seen from this that a substance assigned to a 
particular group on the strength of a first small sublimate 
may essentially belong to some higher group. It should 
appear in more than the one group. 

The fact of sublimate being obtained in more than one 
croup is not, I think, an objection to the suggested groups. 
Rather it is, as I believe, in their support. Many recognized 
mineral formule might involve this passage from group to 
group ; é.g., such as (CoNi) As+ RAs, for certain smaltites. 
But it would be an objection to the proposed groups if a 
substance to which we must assign a molecular structure 
proper to a lower group only, decomposed in a higher. I 
was at first confronted with what appeared like some difh- 
culties of this kind. I shall now refer to these. 

The mineral tennantite was examined on two Cornish 
specimens. The formula assigned to this mineral in Dana’s 
‘System of Mineralogy’ is 4Cu,S, As.S3;. Now three con- 
cordant analyses by different observers give approximately 
the percentages 8 27; As19; Cu49; Fe 3. These percentages 
give as the relative numbers of molecules 178; 5 As; 16 Cu; 
1 Fe. These may be supposed to form 11 CuS,FeS, 5 CuAsS. 
The formula is, I venture to think, a probable one and would 
bring the substance into the third group as its temperature of 
sublimation actually does. 
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The rammelsbergite examined showed no trace of sublimate 
till raised to somewhat above 500°. This substance is de- 
scribed as essentially NiAs,. An analysis on the apophoro- 
meter gave the following percentages As, 58; (Ni, Co), 38. 
A little sulphur was present which does not enter into the 
weights found. The residue was mainly nickel. Now the 
molecule Ni;As, would absorb the arsenic and nearly all the 
(Ni, Co). A little cobalt sulphide would account for the 
balance of the residue. I think it reasonable to assume that 
the mineral in group III. is constituted in this manner. The 
assumed molecule is similar to that of leucopyrite, which 
also appears in this group. 

Another mineral within group III. was analysed in 
order to account for its position: the chloanthite of the Val 
d’Annivier (17). Chloanthite is essentially a diarsenide. This 
specimen showed a very small sublimate (8,) in group I. at 
a temperature of 135°; which would represent a little loosely 
combined arsenic if my assumptions are correct. This sub- 
limate ceased to come off after a rise of some 30 degrees. 
Between 220° and 270° a second sublimate (S.) is obtained ; 
small, but larger than the first. There is then an interval of 
about 180 degrees over which no trace of sublimate appears 
even on prolonged observation. At 455° the evolution of As 
recommences (83) and continues up to about 700° when there 
is deflagration. After this but little arsenic remains. This 
is given off at a temperature approaching 1000°. A little 8 
is probably present. Taking 16:7 mgrms. of the powdered 
mineral, S;+ 8S, amounted to 1:4 mgrms.; 8; to 13:4 mgrms., 
and this includes the small final sublimate of As,O,. The 
residue weighed 7-2 mgrms. We have from these quantities 
1 mgrm. of As in 8,+8, and 10'1 mgrm. As in $3; and as the 
residue appeared to be almost entirely the oxide of nickel, we 
get 5°7 mgrms. of Ni. The added weights are 16°8 mgrms. 
The quantities afford as the relative numbers of atoms for 
Sit S,, 4As; for S,3, 40 As; for the residue, 30 Ni. Of 
these atoms the molecule 10 (Ni;As,) would leave only 4 As 
as entering into the low temperature sublimates. This arsenic 
may exist in the form 2 (As,83). The complete formula would 
be As,S3,5Ni;As,. It is worth comparing with this result 
two analyses of chloanthite cited by Dana (loc. cit.) Nos. 14 
and 15, approximating to As, 58:7; (Ni, Co), 39 (mainly Ni); 
S, 2°8. It will be found that these chloanthites are very closely 
represented by the formula 3 Ni.S;, 20 (Ni, Co); Asy. 

Although the results given above seem in every case to 
show that the molecule RK As, is not necessarily present in the 
substance subliming in the higher group, there is but little 
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evidence to show that it is contained in group IJ. beyond 
the inference that this molecule should be less stable than 
the molecule RAs. Until more substances are examined the 
placing of this molecule in group II. must be regarded as 
provisional only. The two smaltites give a comparatively 
small sublimate in group II. and the greater part of their 
arsenic in group IIJ.; somewhat in the manner of the chloan- 
thite just referred to. In order that these substances should 
be constituted as commonly written, CoAs,, there must be 
rather over 70 per cent. of arsenic present. It is quite 
certain from rough analyses made of the two smaltites, that 
this percentage of arsenic does not obtain in these specimens, 
They probably contain the molecule (Ni, Co) As,, but are 
for the larger part constituted of some molecule containing a 
lesser percentage of arsenic. The gersdorfite (Nos. 5 and 34), 
appearing in both the second and third groups, belongs to a 
species which like the smaltites and chioanthites cannot be 
considered to be fully understood. ‘The recorded analyses 
of gersdorfite vary considerably, and Dana suggests various 
formule. This mineral was from Siegen. A good analysis 
on the apophorometer gave 37 per cent. of As and 47 per 
cent. of Ni, including some Fe and Co. Sulphur was 
copiously expelled. By difference it would make 16 per 
cent. The relation between the numbers of atoms would 
be As, 5; Ni, 8; and 8, 5. Now there is some over- 
estimation of the Ni, for its amount is obtained on the 
assumption that the whole of the residue is NiO. The 
sulphur is therefore probably under estimated and the nickel 
over estimated. The result points evidently to the molecu'e 
(NiCoFe);(AsS), as forming the greater part of the sub- 
stance. Dana citesa fairly concordant analysis of the Siegen 
mineral, 7. ¢., As, 87°52 ; Ni, 40°97 ; 8, 17:49 ; Fe, 4°19. This 
would approximate nearly to the constitution suggested. 
While there are doubts about the placing of the diarsenide 
molecule there are none, as I believe, about the correct 
placing of the sesquisulphide molecule. For bodies carrying 
their arsenic in this form all commence sublimation at the 
low temperature characterizing the second group, and will 
be found to slowly continue to break up within a range of 
not more than 100 degrees above this. Suppose we place 
such a substance as proustite in a thin layer on the hob. It 
begins subliming at about 250°, and as the lower and hotter 
particles become exhausted the rate of evolution falls off. 
But if now we set the temperature to, say, 320°, and continue 
changing the upper glass every 3 or 4 minutes, an almost 
steady out-put of arsenious oxide will be observed, till finally 
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the substance appears to consist of the sulphide of silver. 
Sometimes a little arsenic may obstinately linger in such eases, 
but essentially the whole of the arsenic comes away before 
the temperature of the higher group is attained. All these 
bodies do not behave precisely as proustite. There seems to 
be an interesting difference with respect to the evolution 
of sulphur, a difference which certainly is not accountable 
on the observations to be presently given relating to the 
sulphides. In the case of sartorite, for instance, a plentiful 
liberation of sulphur attends the decomposition of the sub- 
stance. It is dithcult to detect the liberation of this element 
from the proustite. In this direction some insight may be 
obtained as to interactions progressing on the hob. 

Much remains to be ascertained. rom the limited scope 
of the experiments influences may escape notice which may 
prove of importance. Thus it happens that the results in 
group III. are mainly confined to compounds of iron, nickel, 
and cobalt. We are not, therefore, in a position to examine 
whether the atomic weight of the stable element or its 
periodic position exerts an influence. ‘The copper arsenide, 
domykite, appears exceptional in its temperature of de. 
composition. Tennantite is, however, normal. 

Of the second group we seem justified in stating what has 
been already said of the similar antimony-bearing bodies ; 
that the nature of the values n, m, and R in the general 
formula n RS, m As.S3, does not seem to affect the tem- 
perature of volatilization. 

Throughout the table it does not appear that the presence 
of sulphur, save when combined as the sesquisulphide 
molecule, exerts much influence on the sublimation tem- 
perature. There is no notable difference between the vola- 
tilization temperature of As and AsS; and, consistently, 
NiAs and NiAsS show no difference in stability. The sesqui- 
sulphide of arsenic shows a stability above that of either of 
the constituent elements. 

It is important in dealing with substances containing both 
arsenic and sulphur to distinguish between their sublimates 
upon first appearance. I have found that two characters 
serve to discriminate between these sublimates and to separate 
them however faintly developed.. The characteristic odour of 
SO, reveals the smallest trace of sulphur when properly sought 
for. The observation is best made by warming for a moment 
the watch-glass on the convex side over a low bunsen flame and 
as the heat soaks through observing the odour while holding* 
the glass in a vertical position. It will also then be found 
that a separation of the two sublimates may be effected, if 
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both are present, by properly regulating the temperature ; 
the sulphur passing off at a considerably lower temperature 
than what is required to dispel the deposit of arsenious 
oxide. 


SULPHUR. 


In contrast with the behaviour of the compounds of arsenic 
the sulphides show a remarkable sameness in the temperature 
of sublimation however diverse the nature of the molecule or 
of the associated elements. 


MaABUnOLEE: 


to 

1. Molybdenite. MoS,,. GEN Rte tacac maces enaces taser tate 450 
2. Pyrites. FeS,. LO AP es resolv neicx Baeecens oie 450 
3. Marcasite. ,, aspen Comte Menthe Bees 440 
4, Hauerite. MnS&,. TRASTONDTE GRO | Wate Ra Re fetes cre mee mn 450 
5. Stannite. Cu,S, FeS, SnS,. St. Agnes, Cornwall nc.cacs.00e 460 
fe Ohinlecmymite OMpo, Hess aw OCHe (i tkeeararcecen-Suteros-acee ec 470 
7. Chalcosite. Cu,§, Worevarwy lllin SSA eras sae Shas ome oe 490 
8. Linneite. Co§8, Co,S8,. IMIISSE Ms cersnaccces sweet eas secon 480 
9. Sphalerite (5). ZnS. AVENSIOUU GS cance ice ae cob Hee ee Renae a 610 
10. Pentlandite. 2FeS, NiS. Pllelrammerwwe es iGeessscosk ees 480 
11. Covellite. CuS. Ub elgwadeoateelabe Wvegsaisneeweaele - 400 
12. Galenite. PbS. RING CNAs Vosddue, ake aw oatede Vesbesenh 470 
13. Bornite. Cu,8, CuS, FeS. Audley: Mine; Cork ies. s.. 430 
14, Sternbergite. Ag,S, Fe,S;. MONI GADENBe epecasessereinoseaseaes 170 
lear Ul ats meme Ray Chan MMO inm cease Nanciccwacneaccdse/tenvebiacgnans 60 
ame emibateriterCtnace of freer Sitch) Wowie dd toctee.cscecseeesaiadsnesveacies 60 


Of the several compounds examined above, sternbergite 
alone (14), departs from the general uniformity of tem- 
perature ; possibly because the structure of the molecule 
Fe,S, may be a loose one. Sphalerite is exceptionally high. 
All the substances sublime far above the sublimation tem- 
perature of the free element. Flowers of sulphur tested 
under the same conditions gives a sublimate at 60°. 
It is perhaps open to us to refer such substances as RS, 
As.83 to the sulphur division and class them as a low- 
temperature division. But the fact that such analogous 
compounds as CupS, Fe,8; (6) and CoS, Co,8; (8) maintain 
a high temperature of sublimation is rather opposed to this 
procedure and suggests that the instability of the As,S, 
molecule is more fitly regarded as due to the arsenic. The 
question is, however, not without obscurities. 
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TELLURIUM. 


Tellurium gives upon the apophorometer two sublimates 
as stated in my first paper (oc. cet.) : a black low-temperature 
sublimate of TeO and a white high-temperature sublimate of 
TeO,. Ifa little of the black sublimate be scraped from the 
glass and placed upon the hob, it will be found to melt at 
about 570° and either to resublime at once as a black sublimate 
or to again partly solidify on the hob, slowly whiten, melt 
again at about 850° and, at or near this temperature, volatilize 
on to the watch-glass as the white sublimate TeO,. If a little 
of the white sublimate is placed directly on the hob and 
slowly heated from a low temperature it will blacken ata 
temperature below 500°, reverting to TeO. Rapidly heated 
it melts as above and sublimes at about 850°. The recognition 
of these sublimates is easy. 

I have examined only 7 tellurides. They appear to indicate 
that the tellurides will be found divisible into groups according 
as the molecule is of the structure RTe or RTe. But, of 
course, the evidence is too slender to justify discussion. 


TaBie LV. 
RTe. 
ae 
Altaite. PbTe. Las Cruces, TeO? TeQsceeecdite. 850 
Hessite. Ag,Te. Altai. TeO? TeOs cau 900 
ews. indie wien, es 

Calayerite. (AuAg)Te,. ri TeQ@ ii teeteites 530 
TeO, Jatieeons 600 
‘Petzite’(?). Contains over 60 per cent. of Te. TeQ adc bu 460 
TeOs cccsanee 900 
Tetradymite. Bi,Tes. Hungary. TeO: ceseomes 460 
TeO sare (fs) 

Nagyagite. Au,Pb,,Sb,Te,S,,. Nagyag. Te@ Severe 525 
TeOmeeeres 610 

Tellurium, Te. Loe. PeO ince 525 
PoOpcveivyes 850 


It will be noticed that there is a readily observed dis-— 
tinguishing feature in the case of the two indicated groups 
of tellurides: the presence or absence of the black sublimate. 
This, of course, is explained by the fact that in the one group 
the temperature of decomposition is too high for the equi- 
librium of the molecule TeQ, 
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A few experiments were made to see if different physical 
or crystallographic conditions affected the sublimation tem- 
perature. Sphalerite was tested in the following varieties: — 
(1) Transparent amber and brown crystal (Santander), 
630; (2) Pale olive-green transparent crystal (Cornwall), 
600: (8) Small, brilliant opaque crystals (loc ?), 610; 
(4) Fibrous, dark brown crystals (loc. ?), 600; (5) Hepatic 
blende (Cornwall), 600. Sphalerite shows considerable 
variations in its specific heat according to its state of 
aggregation. The above results, depending on the internal 
stability of the molecule, reveal no definite variation. 


Tveagh Geological Laboratory. 
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Les Atomes. By Professor Jnan PERRIN. 
Pp. xvi+296. Paris: lélix Alcan, 1913. 3 fr. 50, 


THIS volume in the Nouvelle collection scientifique is essentially 

the story of how a phenomenon discovered tuward the 
beginning of the XIXth century by a botanist, and named after 
him Brownian motion, has in recent years yielded the surest 
evidence we possess of the validity of the kinetic theory of matter. 
From the experimental side the advance has been made in the 
greater part by Professor Perrin himself and his collaborateurs ; 
but he has been helped greatly by the theoretic investigations of 
Einstein and others. Though the evidence from Brownian motion 
1s the most direct, 1t 1s confirmed by several independent lines of 
evidence based on the blue colour of the sky, the law of radiation 
from an incandescent body, and on radioactivity. All of these 
methods give concordant and precise indications of the dimenusious 
and number of the atoms which play the important role in the 
kinetic tieory. The work possesses the attractive feature that it» 
is quite modern, and this little volume constitutes a very suitable 
introduction to the subject. It is semi-popular in character; any 
mathematical results are merely summarized. But it 1s at the 
same time a very scientific treatise though of an elementary 


kind. 
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XC. Intelligence and Miscellaneous Articles. 


THE PRODUCTION OF FLUORESCENT RONTGEN RADIATION. 


Wheatstone Laboratory, 
King’s College. 
May 7th, 1913. 


To the Editors of the Philosophical Magazine. 
GENTLEMEN, — 


N the April number of the Philosophical Magazine, Professor 

Bragg has published a letter dealing with a paper of mine of the 

previous month entitled ‘‘ The Production of Fluorescent Rontgen 
Radiation .” 

In this letter two objections are made to my conclusion, that 
the bombardment theory does not explain the production of 
fluorescent X-rays: these are :— 

(1) That the primary X-ray beam used in the experiment was 
heterogeneous, and therefore its power of producing corpuscles not 
sufficiently known. 

(2) That Lenard’s law is assumed to be rigid. 

With regard to the first objection, it is necessary to point out 
a fact which is mentioned in the paper, namely, that in determining 
the penetrating power of the heterogeneous primary beam, a thin 
carbon sheet was used as the scattering agent. This carbon sheet, 
which did not absorb 5 per cent. of the primary radiation, 
would on this account scatter the softer constituents of the 
primary beam toa greater extent than the more penetrating rays. 
So that for this and other reasons, the primary radiation is in 
reality much harder than the values given in the paper would 
suggest. But the more penetrating this primary radiation, the 
greater 1s the velocity of the expelled corpuscles, and tiierefore the 
stronger the case for the theory wich the paper supports. 

In the second objection, Professor Bragg states that Lenard’s 
law is not rigid, and he brings forward evidence of a selective 
absorption of corpuscular radiation analogous to that obtained 
in absorption and ionization experiments. But even if selective 
absorption does take place and supposing that this selective 
absorption is of great magnitude, it is difficult to see how this 
affects the conclusion drawn in the paper, namely that the bom- 
bardment theory is not in harmony with experimental facts. 

I may add that when the second paper was written, I was 
distinctly under the impression that Lenard’s law was not rigor- 
ously obeyed, but its general acceptance led me to think that it 
was sufficiently accurate to justify an approximate calculation, and 
I am strengthened in this belief by the reserve with which 
Professor Bragg publishes his preliminary results. 


Yours faithfully, 
J. CRosBY CHAPMAN, 
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